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ABSTRACT 
Tornado is one of the deadliest natural hazards in the U.S. with a 10-year average 
fatality exceeding 100. The annual property-insured loss of more than $1 billion makes it 
even more problematic. To mitigate and address the loss caused by this natural hazard, it 
is important to (a) understand the tornado flow field and parameters that affect it, as well 
as (b) assess the tornado-induced wind loads on low-rise buildings and their components 
and the parameters that affect the peak wind loads for the purpose of improving their 
design. The above reasoning drives the two primary objectives of this research presented 
in this doctoral dissertation. The first objective is to study the parameters that influence the 
tornado flow field, and the second objective is to assess the peak tornado-induced wind 
loads for a building, considering its location and orientation with respect to the tornado’s 
mean path, as well as the maximum local loads on its components. 
To satisfy the first objective, the influence of tornado’s translation speed and swirl 
ratio, and the effects of ground roughness or terrain and topographic features on the tornado 
flow field were studied. For this purpose, a unique translating tornado simulator at Iowa 
State University was used. The terrain and topographic features of the ground on the 
tornado flow field were investigated by comparing the laboratory-simulated flow over a 
set of scaled ground roughness elements that represented a rough terrain, as well as scaled 
models of three types of topographies -2D-ridge, 2D-valley, and 2D-escarpment to the flow 
over a smooth flat ground surface. Topographies were set to have a constant geometric 
aspect ratio (height to along-wind length) following the latest edition of the ASCE7 
standard for building design. Results show that a tornado passing over a smooth terrain out 
of the two terrains (smooth and rough) investigated, a tornado with a lower translation 
xiv 
speed out of the two translations speeds used and a tornado passing over a 2D-ridge, 
amongst all the three topographies studied, produce a higher maximum wind speed which 
will result in a larger peak load on civil infra-structure. Investigation of swirl ratio shows 
that there is a larger surface area on the ground of minimum static pressure drop within a 
tornado core in a tornado with a higher swirl ratio and a more severe pressure drop at the 
tornado center in a tornado with a low swirl ratio which results in different wind damage 
potential in the two types of tornado. 
The second objective of this dissertation was to assess the tornado-induced wind 
loads, both overall and local, on low-rise buildings. Investigation of tornado-induced wind 
loads on a low-rise gable-roof building shows that the location of the building that results 
in the highest tornado-induced loads is about one core radius from the tornado mean path 
on the right side of the tornado’s translation direction which was identified as a region 
where the wind speeds intensify as a result of tornado’s translation compared to a stationary 
tornado. Orientation of a building with respect to the tornado mean path that produces the 
worst overall loads on a low-rise gable-roof building was also investigated. Finally, with 
regards to occurrence of the local peak tornado loads on low-rise building frames, the 
location of the most vulnerable building frames was identified. For design of buildings for 
the purpose of withstanding tornadoes, these frames should be strengthened. 
 
 1 
CHAPTER 1.    INTRODUCTION 
1.1. Research Proposal 
Tornadoes result in over $1 billion of economic losses (Haan et al., 2010), 100 fatalities 
and 1500 injuries on an average every year. Joplin, Missouri tornado of 2011 alone caused 158 
fatalities and $3 billion worth of damage (https://www.ncdc.noaa.gov/sotc/tornadoes/201113).  
To analyze and codify the wind-induced loads, ASCE7 was used as a basis for this 
research. In ASCE, velocity pressure, qz, is evaluated at height z above ground and shall be 
calculated as: 
                 (1.1) 
where kz is exposure coefficient that is related to terrain roughness, kzt is topographic factor, 
kd is directionality factor, ke is ground elevation factor and V is basic wind speed. Basic wind 
speed is defined based on mean recurrence interval (MRI) of extreme wind speed in a specific 
region on a map. kd is directionality factor which is the probability of extreme wind 
approaching the structure from the worst direction. This is considered 1 for tornadoes in 
ASCE7-16. Three other factors, namely, kz, kzt and ke are subjects of the current study. While 
current research does not aim at quantifying these parameters, it investigates these parameters 
qualitatively to show their importance. Future work should aim to quantify these parameters, 
considering the most important one as a priority. After studying the effect of important 
parameters on tornado flow field, it is time to find the worst loading scenario on structure 
components, i.e., frames. For this purpose, worst pressure distribution on a 3-hinged frame was 
found by analyzing the time history of pressures. The worst loading on each building frame 
was selected after finding the maximum loading scenario by considering the following load 
combinations: 
20.613 ( );z z zt d e
N mq k k k k V V in
m s
=
 2 
1- Total uplift; 
2- Total horizontal shear; 
3- Bending moment at knees (Fig.1.1); 
This method is called Envelope method by ASCE7. 
 
 
Figure 1.1 Schematic illustration of a three-hinged frames. 
 
  To address these gaps, two main objectives will be pursued: (1) To better understand 
the effects of tornado and terrain/topography parameters on the near-surface tornado’s wind 
field and structure; and (2) To better understand the transient aerodynamic loads of tornado 
wind on low-rise buildings.  The approaches that are used in these two parts are based on 
ASCE7 building code.  
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The first part (Part A) of the proposed research focuses on characterizing the tornado 
flow field. The effects of tornado parameters (swirl ratio, translation speed, etc.), and 
terrain/topography (ASCE 7 Standard terrains/topography, including a Flat terrain, 2D-ridge, 
2D-escarpment and an additional topography 2D-valley) on the near-ground tornado flow field 
are studied and peak velocities and their location, as well as wind-speed-up factors that are 
induced due to the tornado-topography interaction are reported.  
Second part (Part B) of the proposed research investigates both local wind pressures 
and overall loads on a low-rise building, considering variety of tornado and building 
parameters, such as the tornado’s translation speed and building’s location and orientation 
relative to tornado’s path.  
For all the studies mentioned here, laboratory simulations using the ISU Tornado 
Simulator was used.  
 
1.2. Literature Review 
Tornado investigation entered a new era with introduction of Ward-type tornado 
simulator by Ward (1972). This simulator is shown in Fig.1.2. Air enters the bottom side inlets 
while rotation is induced through guiding vanes. This rotating air moves toward the center 
where the convergent area is and moves upward through the uplift hole. Flow is induced by a 
fan at the exit of the simulator where honeycomb in upstream of the fan removes fan’s 
influence on the flow. This simulator is important as it can reproduce three important features 
of tornadoes: 1- Surface pressure profiles, 2- different core structures and 3- multiple vortices 
(Fig.1.3). 
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 Figure 1.2  Vertical cross section of Ward (1972) tornado simulator. 
 
Figure 1.3 Tornado with multiple vortices, Jarrell, Texas, Photo by Scott Beckwith. 
 
Davis-Jones (1973) introduced 6 independent non-dimensional parameters with 
manipulation of π-Buckingham theory. He suggested the flow to be a function of these 
parameters. Four of these parameters are related to geometry, while two dynamic parameters 
are Reynolds number and Swirl ratio. He showed that non-dimensional radius of the core is a 
sole function of swirl ratio. Agee et al. (1977) examined few tornadoes and observed that path 
of maximum damage is not on the center of tornado path but is within a distance of 1 km or 
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more on the sides of the centerline of the mean path. Leslie (1977) investigated influence of 
roughness on tornadoes as well as the tornadoes with multiple vortices. He observed that for a 
rough floor, larger swirl ratio is needed for transition to multiple-vortices tornado, so smooth 
floor is a catalyzer for occurrence of tornado with multiple vortices. He observed that 
roughness increases turbulent intensity which increases the eddy exchange of momentum and 
as a result reduces the flow gradients. Church et al. (1979) manipulated Ward-type simulator 
for sensitivity analysis where variables were considered to be swirl ratio, Reynolds number 
and aspect ratio. They observed that for large Reynolds numbers, transition between different 
core structures occurs at specific swirl ratios and is independent of Reynolds number (Fig.1.4). 
This structure is visualized in Figs.1.5-6. They also concluded that tornado structure is weakly 
dependent on aspect ratio for a range of Reynolds numbers considered (Fig.1.4). 
 
 
Figure 1.4 Effect of swirl ratio, Reynolds number and aspect ratio on tornado structure, 
Church et al. (1979). 
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Figure 1.5 Schematic of tornado structures as a function of swirl ratio (Davies-Jones, 1986) 
 
Diamond and Wilkins (1984) investigated the effect of translation on tornado flow field 
using the Ward-type simulator. They moved the floor in order to resemble translation and 
concluded that secondary vortices are the result of interaction between main vortex and rough 
surface. These vortices feed on main vortex and follow it. They observed that tornado core 
radius increases with increase in swirl ratio and decrease with rough surfaces. Although Leslie 
(1977) showed that if Reynolds number effect is considered negligible, there is a critical 
number of 0.63 obtained from multiplication of swirl ratio and aspect ratio over which, 
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roughness does not have effect on core radius. Diamond and Wilkins (1984) also observed that 
core radius expands with addition of translation component as a result of local increase in swirl 
ratio. They mentioned that in translating tornadoes, central pressure drops increase with swirl 
ratio. Translation also increases pressure gradient in rear side of tornado core.  
 
 
Figure 1.6 Visualization of tornado structure in Ward-type simulator (Church et al., 1977). 
 
Fiedler and Rotunno (1986) manipulated a physical model to extract peak winds in 
tornadoes and concluded that for a tornado with vortex breakdown aloft (before touch down) 
maximum tangential velocity in laminar region (upstream of vortex breakdown) is 1.7 times 
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of that in turbulent region (downstream of vortex breakdown). They also concluded that for a 
constant flow rate, increase in swirl ratio does not produce more intense tornadoes since less 
intense turbulent region reaches the ground as a result of vortex touchdown. They mentioned 
Church and Snow’s result in 1985 where they found that peak pressure drop occurs right before 
vortex touchdown (Fig.1.7). 
 
Figure 1.7 Visualization of tornado structure in Ward-type simulator (Church et al. 1977). 
 
Pauley (1989) implemented a modified Ward-type simulator (Fig.1.8) to examine the 
pressure field at the center of the vortex. In his experiment, aspect ratio and Reynolds number 
were kept constant at 0.5 and 16500, respectively and swirl ratios of 0.60 and 0.85 were 
investigated. Figs.1.9-10 show that for lower swirl ratio, 4 different regions of pressure field 
are observable while increase in swirl ratio removes the 4th region. This region is related to 
the laminar jet just above the ground which tends to have upward flow motion. Swirl ratio of 
0.6 seems to be critical as region 4 is very close to the ground and upward jet motion and 
downward motion at downstream of the flow both exist as the flow is unsteady. This laminar 
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portion (region IV) has the highest pressure drop. These pressure regions are categorized in 
Table 1. 
 
Figure 1.8 Modified Ward-simulator, Pauley (1989) 
 
 
Figure 1.9 Non-dimensional pressure drop for swirl ratio of 0.6, Pauley (1989) 
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Figure 1.10 Non-dimensional pressure drops for swirl ratio of 0.85, Pauley (1989) 
 
Table 1.1 Categorization of different pressure regions at the center of the vortex, Pauley 
(1989) 
Zone Description Swirl Ratio S=0.60 S=0.85 
I Nearly Stagnant or weak downflow z > 3 z > 2.5 
II Accelerating and/or strong downflow 1.5 < z < 3 0.5 < z <2.5 
III Decelerating and/or moderate downflow 0.1 < z < 1.5 z < 0.5 
IV Intermittent upflow and downflow z < 0.1 - 
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Lewellen and Lewellen (1997) conducted a three-dimensional non-steady numerical 
simulation of a tornado with swirl ratio of 0.94 in a domain of 2 km by 1 km by 1 km to 
investigate the effect of turbulent transport. They found that maximum mean wind speed 
occurs within 50 meters of the ground, which is 60% higher in value than the maximum wind 
speeds some 100 meters above. Instantaneous velocity distribution shows that turbulence exists 
due to secondary vortices around the main vortex and results in instantaneous peak velocities 
of 33% more than the mean velocity. They added translation speed of 15m/s and concluded 
that while it increases the mean wind velocity slightly, increase in fluctuation is about 33%. 
Lewellen et al. (2000) conducted another numerical simulation where they concluded that 
variation in surface inflow layer, can affect tornado intensity and structure of turbulent region 
inside the corner flow region significantly even for same swirl ratios. Wurman and Alexander 
(2005) tried to find a relation between Doppler radar data and damage observed in Spencer, 
South Dakota tornado of 1998. They used an axisymmetric model with linear addition of 
translation component to fit the radar data so as to extract radial and tangential components. 
They suggest that except for peak winds and structural integrity, damage pattern depends on 
duration of peak winds, acceleration, directional change of winds and debris loading. They 
concluded that due to translation, right side of translation direction experiences higher wind 
speeds and more intense damages over a wider range. They also mentioned that since peak 
wind speeds occur at lowest 50-meter AGL, radars are unable to find the location and value of 
these winds. Reason for that is radar waves do not follow earth’s curvature and are blocked by 
ground structures. Lewellen and Lewellen (2007) conducted simulations using an ideal 
analytic model and a LES (numerical) turbulent model to investigate tornado dynamics and 
surface winds’ intensification. They concluded that peak winds are in few tens of meters of the 
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ground. Peak tangential wind speed in a laminar jet occurs upstream of the vortex breakdown, 
when vortex breakdown has not touched down, and it can be twice of the same peak wind 
speed in turbulent region. They observed that slight variation of radial inflow at low elevations 
and high radial distances can rapidly and significantly affect the intensity and structure of the 
flow near the ground.  
Haan et al., (2008) compared experimental results of the ISU Tornado Simulator to 
radar data and observed that radial profiles of tangential velocities are similar. They mentioned 
that direct data collection has two problems: 1- Dangerous environment near the tornado core 
and 2- Unpredictable tornado path. They also mentioned that while portable Doppler radar can 
overcome these problems to some extent, they are unable of near-ground observation due to 
intrinsic characteristics. These observations are above the height of most structures and as a 
result not useful for their resilient design. Haan et al., (2010) investigated loading of translating 
tornado on one-story gable-roofed building to compare it with ASCE7 provisions where 
straight line winds are considered only. This comparison examined different tornado 
translation speeds, building orientation and tornado core radius. Results suggested translation 
speed to have inversely proportional effect on peak loading. They found that a tornado with a 
smaller core radius (low swirl tornado) produces peak loads as high as 40% more than the one 
with larger core radius (high swirl tornado). They observed peak that roof uplift on buildings 
for low swirl cases is as high as 60% in tornadoes with high swirl as they have more 
concentrated pressure drop at center. In comparison to straight-line winds, tornado produced 
lateral and uplift forces as high as 1.5 and 3 times larger, respectively. Yang et al. (2011) 
investigated the loading effects on a high-rise building for different radial distances of the 
building from the center of the tornado, different building orientations and at different heights. 
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They used load cell as well as PIV to visualize and interpret the loading results. They concluded 
that peak force and moments hit the building when it is located at core radius. Unlike the peak 
loads on cubic models during straight-line winds which occurs at building orientation of 45 
degrees, peak loads here occur at a distance of one tornado core radius at building orientation 
angles of less than 45 degrees (Fig.1.11). It was concluded that since radial component toward 
the center of the vortex exist, this angle would be less than 45 degrees so as to have the same 
effect in straight-line winds where peak loads occur as flow encounters the largest cross section 
area. Increase in height showed that streamlines in leeward side of the building tend to tilt 
toward the center of the tornado which showed the spiral motion to intensify with height. 
Natarajan and Hangan (2012) implemented LES turbulent model to investigate translation and 
roughness effects on tornado-like flow. They concluded that for low swirl ratios, translation 
reduces peak tangential velocities and its effect is just like reduction of swirl ratio, while for 
high swirl tornado, translation slightly increases peak tangential velocities as well as pressure 
drop on ground plane.  
 
 
Figure 1.11 Building orientation for peak loading, Yang et al., (2011). 
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1.3. Proposed Methods and Tools 
Part A: This part will focus on effects of terrain parameters such as surface roughness 
and topography and the key tornado parameters (Swirl ratio (S), core radius (rc), and translating 
speed (Vt)) on the characteristics of near-ground wind field. The findings will greatly enhance 
our knowledge beyond those accomplished in the past about parameters governing formation, 
breakdown and amplification of a translating tornado-like vortex over rough terrains and 
undulated topography.  
This task will involve a new series of experimental tests and novel methods aimed to 
systematically examine the relationship between tornado/terrain parameters and wind field 
structures. Dynamic wind flow measurements in a laboratory-simulated tornado using the ISU 
Tornado Simulator over a rough terrain resembling suburban terrain is proposed. This flat 
terrain appropriately represents built environment where population resides. Three different 
topographies will be used to investigate their effects on wind speeds and static pressures. The 
chosen topographies will represent a 2D-escarpment, a 2D-valley and a 2D-ridge. A range of 
geometric parameters of these topographical features will be studied. A length scale of 1:100 
to 1:200 will be used depending on the test case. A range of tornado vortex parameters that 
represent real tornadoes were investigated for comparison: low and intermediate swirl ratio 
(relative to lab); small and intermediate core radii and three different translation speeds 
representing tornadoes with slow, intermediate and fast speeds relative to lab scale. Recently 
acquired field data (e.g. from VORTEX 2) will be used for validation whenever appropriate. 
The tornado control parameters are controlled through fan frequency (which adjusts 
radial Reynolds number), vane angle (which controls swirl ratio) and simulator height from 
the ground floor which controls aspect ratio. Schematic illustration of ISU Tornado Simulator 
is shown in Fig.1.12. 
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 Figure 1.12 Schematic illustration of ISU Tornado Simulator, Haan et al., (2008). 
 
In this simulator, fan at the center of the simulator circulates the air which passes 
through vanes with variable angles aloft, where angular momentum will be added to the 
downdraft. This simulator tries to depict real atmospheric phenomenon. Translation 
component adds to the flow field with translation of whole simulator which is suspended from 
a crane. Translation speed can be varied between 0.02 m/s to 0.61 m/s. 
To investigate the flow field, 18-holes Omni probe with 165 degrees of cone-angle of 
view for mean flow measurement was used. This probe is shown in Fig.1.13. Pressure signals 
from Omni-probe are transferred to a computer using digital pressure transducers. Velocity 
components are calculated out of pressure data from all around the probe. Omni-probe’s view 
angle helps to extract tornado flow field even when it translates over the probe and flow 
direction changes. 
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Figure 1.13 An 18-hole Omni-probe. 
 
To investigate the effect of terrain roughness on tornado flow field and structure, an 
array of roughness blocks was used to cover the ground plane (Fig.1.14) and measurements 
were repeated for both stationary and translating tornadoes. In addition, four different 
topographies (smooth) were considered for investigation. These topographies are smooth flat 
terrain (Open Terrain), 2D-ridge, 2D-escarpment and 2D-valley. 
  
 
Figure 1.14 Roughness blocks on the ground floor. 
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Part B. In this part of the research, wind pressures and loads for low-rise buildings in 
relation to tornado and building parameters were characterized. It involves (a) laboratory 
simulations of a design tornado with a scaled low-rise building to obtain detailed pressure field 
on the model surface; and (b) time-frequency analysis of transient pressure fields. 
In this portion of the research, building models were built using wood-work and rapid 
prototype machine. For study of external pressure distribution on building surface. Pressure 
ports (up to 188) were distributed on the building surface to capture the external pressures with 
more ports in the roof corner regions and edge-regions of the roof (Fig.1.15). A design tornado 
representing an EF3 tornado with an appropriate swirl ratio, core radius and outflow radius and 
translation speed was specified in simulations by the ISU Tornado Simulator. Each test case 
was run 5 times for integrated load measurement using JR3, 3-axes load-cell (Fig.1.16) and 10 
times for surface pressure measurement. Information of wind field gained in Part A was used 
to derive factors to correlate tornado and terrain parameters to wind loads. 
From the measurement of building surface pressure time histories, time histories of 
integrated or overall loads on different surface zones and wind-induced loads on building 
frames were determined. This analysis helps to identify the most vulnerable structural 
component under tornado-induced loads, which helps in strengthening the structure. 
 
 
 18 
 
Figure 1.15 Prepared building models for external-pressure measurement. 
 
 
Figure 1.16 JR3, 3-axes force transducer. 
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CHAPTER 2.    LABORATORY STUDY OF TOPOGRAPHIC EFFECTS ON THE 
NEAR-SURFACE TORNADO FLOW FIELD 
Published in Journal of Boundary Layer Meteorology 
 
Alireza Razavi and Partha P. Sarkar 
 
Abstract 
 To study the topographic effects on the near-surface tornado flow field, the Iowa State 
University tornado simulator was used to simulate a translating tornado passing over three 
different two-dimensional topographies: a ridge, an escarpment and a valley. The effect of the 
translation speed on maximum horizontal wind speeds is observed for 0.15 m s-1 and 0.50 m s-
1, with the lower translation speed resulting in a larger maximum horizontal wind speed. The 
tornado translation over the three topographies with respect to flat terrain is assessed for 
changes in: (a) the maximum horizontal wind speeds in terms of the flow-amplification factor; 
(b) the maximum aerodynamic drag in terms of the tornado speed-up ratio; (c) the maximum 
duration of exposure at any location to high wind speeds of a specific range in terms of the 
exposure amplification factor. Results show that both the maximum wind amplification factor 
of 14%, as well as the maximum speed-up ratio of 14%, occur on the ridge. For all 
topographies, the increase in aerodynamic drag is observed to be maximized for low-rise 
buildings, which illustrates the importance of the vertical profiles of the horizontal wind speed 
near the ground. The maximum exposure amplification factors, estimated for the range of wind 
speeds corresponding to the EF2 (50–60 m s-1) and EF3 (61–75 m s-1) scales, are 86% and 
110% for the ridge, 4% and 60% for the escarpment and −6% and 47% for the valley, 
respectively.  
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2.1. Introduction 
Tornadoes are the deadliest weather events in the U.S.A. based on the number of 
fatalities they cause (10-year average, 2007–2016, 
http://www.nws.noaa.gov/om/hazstats.shtml) and the billions of dollars in property damage 
they inflict. The property-insured-loss costs from recent tornadoes in the U.S.A. in Joplin, 
Missouri in 2011, Tuscaloosa, Alabama in 2011, and Moore, Oklahoma in 2013 were $2.8, 
$2.45 and $2.0 billion (http://www.spc.noaa.gov/faq/tornado/damage$.htm), respectively. 
Both the number of fatalities and the immense cost of property damage point to the need for a 
comprehensive study on how different parameters affect the tornado flow field and the 
subsequent loading on civil infrastructure. Since the pioneering work of Ward (1972), 
important parameters affecting the tornado structure have been identified researchers (Dessens 
1972; Leslie 1977; Church et al. 1979; Diamond and Wilkins 1984; Natarajan and Hangan 
2012; Liu and Ishihara 2016). The swirl ratio, the ratio of angular to radial momentum, the 
radial Reynolds number, the aspect ratio, and the ratio of characteristic height to characteristic 
radius are the most important parameters that have been studied, while the terrain and 
topography are also expected to significantly influence tornado structure and intensity. While 
there have been a number of studies on the effect of surface roughness on the tornado flow 
field since the introduction of the tornado simulator by Ward (Dessens 1972; Leslie 1977; 
Natarajan and Hangan 2012; Liu and Ishihara 2016), the topographic effects on the tornado 
flow field has not yet been adequately addressed. However, the topographic effects on the near-
surface flow field of straight-line flow (in a straight-line flow as in a thunderstorm outflow, or 
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those associated with an atmospheric boundary-layer flow or non-tornado flow) have been 
extensively studied (Bradley 1980; Arya and Shipman 1981; Britter et al. 1981; Snyder et al. 
1991; Berg et al. 2011; Shamsoddin and Porte-Agel 2017). Figure 1 illustrates the importance 
of this effect on tornadoes using a two-dimensional cross-section of the topography profile in 
the path of the Joplin, Missouri tornado of 2011, which is the most catastrophic tornado in 
history in terms of property-insured loss. Although the actual topography is more complex than 
the two-dimensional cross-section shown in Fig.2.1, this illustration still demonstrates the 
importance of investigating topographic effects on the near-surface tornado flow field. A 
simplistic approach divides a complex topography profile into a combination of several simpler 
two-dimensional profiles or elements, i.e., ridges, escarpments, and valleys, of different 
dimensions, so that the basic elements of a complex topography can be studied, with complex 
profiles investigated case-by-case (Karstens 2012). 
Lewellen (2012) conducted a numerical parametric study on the effects of different 
topographies on tornado flow fields and observed a variety of changes in the tornado path and 
intensity. He explained that the dominant mechanism affecting tornado structure is the 
redistribution of the near-surface inflow and the resultant change in local swirl ratio in the core 
region, which increases and decreases on uphill and downhill slopes, respectively. He further 
explained that if the local swirl ratio of a tornado on flat terrain is higher than a critical low-
swirl peak (resulting in the touchdown of the downdraft at the vortex centre and the appearance 
of a two-celled vortex), an increase in swirl ratio results in the weakening and strengthening of 
the tornado on uphill and downhill slopes, respectively. He also explained that flow separation 
at the ridge top is another important factor affecting vortex intensity. Karstens (2012) used the 
Iowa State University (ISU) tornado simulator to measure the static surface-pressure deficit of 
 24 
a simulated translating tornado passing over a two-dimensional ridge and over complex 
topography. From the measured maximum pressure drop at each location, he concluded that 
the near-crest flow is weaker than that in an adjacent valley, which was supported by the tree-
fall pattern on a ridge in the path of the Little Sioux, Iowa tornado of 2008, from which he 
observed that the trees along the ridge crest were less severely damaged than those in the 
adjacent valley. By tracking the peak surface-pressure deficit on the two-dimensional ridge, he 
also observed that the vortex centre deviates from its original mean path, which is a straight 
line on flat terrain. 
 
 
Figure 2.1 Two-dimensional cross-section of the topography along the path of Joplin, 
Missouri tornado of 2011(Google Earth). 
 
This brief review demonstrates the need for a more detailed study on the topographic 
effects on tornado flow fields, for which flow measurements in a laboratory-simulated tornado 
could be helpful for understanding the topographic effects on changes in near-surface flow 
fields. Assessment of the anticipated flow intensification would then help to improve future 
 25 
building codes and standards. Here, flow fields of a laboratory-simulated translating tornado 
passing over each of the three scaled two-dimensional topographies, i.e., a ridge, escarpment, 
and valley, are investigated using the ISU tornado simulator to assess the wind amplification 
factor, changes in maximum tornado-induced aerodynamic drag, and the duration of exposure 
to high wind speeds at any given location. Section 2 gives a review of the experimental method, 
along with suggested approaches for interpreting the results, followed by the presentation of 
the measurement results in Sect. 3, and conclusions in Sect. 4.  
 
2.2. Method 
The control parameters used for simulating a translating tornado in the ISU tornado 
simulator are introduced, profiles of two-dimensional topographies along with their 
dimensions are defined, the instruments, experimental grid, and procedure are specified, and 
model scales and approaches used to interpret the laboratory results are explained. 
 
2.2.1. Iowa State University Tornado Simulator 
A schematic illustration of the ISU tornado simulator is shown in Fig.2.2, which is a 
unique facility (see Haan et al. 2008 for details) for generating a translating tornado-like vortex 
with maximum tangential wind speeds ranging from 6.9 to 14.5 m s-1. The tornado-like vortex 
is produced by a strong updraft region surrounded by a spinning tube of air descending towards 
the ground. The updraft is generated with a 1.83-m diameter fan mounted inside a circular duct 
concentric with a down-flow duct of 5.49 m in diameter. The fan and down-flow ducts are 
suspended from an overhead crane (4,500 kg) so that they can move along a 10.4-m long by 
6.1-m wide plane. The generated tornado moves along the ground as the entire fan/downdraft-
producing mechanism translates, with vortices translating horizontally at speeds of up to 0.61 
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m s-1. 
 
 
Figure 2.2 Schematic illustration of the ISU Tornado Simulator. 
 
2.2.2. Tornado Simulation 
The control parameters of the ISU tornado simulator were adjusted as shown in Table 
2.1, resulting in tornado parameters given by 𝑆" = $%&%'()* = $%(',$%-..%)'( = ,$%1-..%( ,       (2.1) 𝑆2345 = 6789'3 ,          (2.2) 𝑎 = *$;,           (2.3) 
and 
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𝑅𝑒$ = ()',>,          (2.4) 
where Sc is the swirl ratio (= 0.22) at the core radius, rc is the core radius (= 0.28m), which is 
the radial distance (r) at which the maximum mean tangential wind speed in the flow field 
occurs, Γ c is the circulation at the core radius, Vθ.c is the maximum mean tangential wind speed  
in the flow field  (= 10.8 m s-1), Q is the volume flow rate  (= 12.03 m3 s-1), Q’ is the volume 
flow rate per unit height of the inlet (= 15.8 m2 s-1), Svane is the swirl ratio (= 0.85) at the vanes 
(r = 2.75 m), θ is the vane angle from the radial direction passing the axis of symmetry of the 
simulator (= 55o), a is the aspect ratio (= 0.84), h is the inlet height (= 0.76 m), r0 is the fan 
radius (= 0.91 m), Rer is the radial Reynolds number (= 1.68 x 105), and ν is the kinematic 
viscosity of the air (= 1.5 × 10-5 m2 s-1). Here, Sc is an alternative definition of the swirl ratio 
defined by Haan et al. (2008) relating swirl ratio to the tornado parameters rc and Vθ.c, and can 
be easily identified from the flow field of the simulated tornado.  
Table 2.1 Control parameters of the ISU Tornado Simulator. 
Controlling parameter Value 
Vane angle 55° 
Flow rate (Q) 12.03 m
3 
s-1 
Inlet height (h0) 0.76 m 
 
The next step is the simulation of a translating tornado for two translation speeds, 0.15 m s-1 
and 0.50 m s-1, and four different locations along the y-direction for comparison of the resulting 
vertical profiles of the maximum horizontal wind speed. The results for the translation speed 
giving a higher maximum horizontal wind speed are then presented. 
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2.2.3. Topography 
The geometrically-scaled two-dimensional topographies of a ridge, escarpment, and 
valley are based on the ASCE7-10 standard (ASCE 2010), from which Lh is the horizontal 
distance from the crest to half the topography height (H/2), where H is the height of the crest 
from the base. The trough of the valley (or lowest point) is used instead of the crest (Fig. 2.3), 
and the origin of the Cartesian coordinate system is located at the upwind base for all three 
topographies (Fig. 2.3). For all three cases, Lh is 0.46 m, H is 0.14 m, and the horizontal 
distance from the base to the crest (or trough) is 2Lh; thus, H/Lh = 0.3, which is the mid-value 
between the range of 0.1 and 0.5 specified in the ASCE7-10 standard. A hyperbolic curve is 
used to model geometric profiles on either side of the ridge and valley, and on one side of the 
escarpment. The profiles are adjusted such that when the horizontal location (x) is normalized 
with 2Lh, and the elevation above ground (z) is normalized with H, both are within the range 
from zero to one, where 𝑧 = f(𝑥) = ( BCDEF.G	IJKLMNOE;.PQ R1) + 0.07.       (2.5) 
 
2.2.4. Instrumentation 
An 18-hole Omni probe (Dantec) capable of measuring the mean velocity within a cone 
angle of view (or measurement) of ±165° about its axis was used to record the velocity time 
history. This wide angle of view is necessary to measure the three-dimensional-flow field of a 
translating tornado as it passes overhead. A side-by-side comparison of the mean velocity data 
obtained from both the Omni probe and TFI’s Cobra probe (which is considered to be more 
accurate because of its smaller probe size and higher frequency response) in a straight-line 
atmospheric boundary-layer wind tunnel at ISU demonstrated the capability of the Omni probe 
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to accurately measure mean wind speeds as low as 2 m s-1. The frequency response of the Omni 
probe, which is known to be low, was also examined and compared with that of the Cobra 
probe at two turbulence levels, showing the error for the Omni probe measurement to be less 
than 5% for gust-averaging times longer than 0.035 s (f < 28.6 Hz) at a turbulence intensity 
(TI) = 4.5%, and for gust-averaging times longer than 0.245 s (f < 4.1 Hz) at a TI = 16%. Based 
on the time scale (λt » 1/30) used here, a 3-s gust in the field was calculated to be equivalent to 
a 0.1-s gust in the laboratory. As a result, the errors in the 3-s gust measurement are calculated 
as -1% and -9%, respectively, based on TI values of 4.5% and 16%. Despite the Cobra probe 
being more accurate than the Omni probe, it was not used for this experiment because it was 
incapable of measuring the velocity time history of a translating tornado due to its limited cone 
angle of view of ±45° around its axis, which restricts measurements of a flow reversal and high 
turbulence, or fluctuations in the flow field as expected inside the tornado core. Particle image 
velocimetry could also not be used because of the relatively large measurement domain 
requiring repeated measurements to cover the full domain, but, more importantly, requiring 
larger seed particles corresponding to the relatively low-resolution particle-image-velocimetry 
cameras that were available (Haan et al. 2008).  
  
2.2.5. Measurement Domain 
A near-surface measurement domain of 1.83 m × 2.28 m × 0.28 m for the ridge and 
valley, and 0.91 m × 2.28 m × 0.28 m for the escarpment, were discretized into 9 × 14 × 7 = 
882 grid points for the ridge, and 5 × 14 × 7 = 490 grid points for the escarpment and valley in 
the x, y, and z directions, respectively. The origin of the x, y, z coordinate system is located at 
the upwind base of the topographies and at the centre of the stationary tornado, which was 
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captured using the mean pressure-drop measurements on the ground. The x-axis is aligned with 
the tornado translation direction, the y-axis is perpendicular to the x-axis in the horizontal 
plane, and positive towards the left side of the translation direction, and the z-axis points 
upwards with its origin on the ground. The y–z plane was discretized into 14 × 7 = 98 grid 
points for translating tornadoes on the flat terrain and for all three other topographies. In Fig. 
2.4, the locations of the experimental grid points, which are the intersections of dashed lines 
in the y-direction and dotted lines in the z-direction, are shown as filled circles. This discretized 
domain was repeated over nine vertical planes for the ridge and five vertical planes for the 
escarpment and valley, along the topographies in the x-direction. All discretized y–z planes 
were equally spaced between the upwind and the downwind bases of the topographies. For 
translating tornadoes on flat terrain, velocity time histories were measured on one y–z plane 
and mapped from the time domain to the spatial domain. 
 
 
Figure 2.3 Dimensional definitions of the topography parameters and the location of the 
origin for a) the ridge, b) the escarpment and c) the valley. 
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2.2.6. Procedure 
The Omni probe was fixed to a traverse system mounted on a horizontally-spanned 
truss to expedite the measurement of the velocity time histories at each grid point, which were 
collected at intervals of 180 s, 40 s, and 10 s for the stationary tornado and translating tornadoes 
with translation speeds (Vt) of 0.15 m s-1 and 0.50 m s-1, respectively. The measurement 
duration for the translating tornadoes was selected to be long enough for a translating tornado 
to travel between the two ends of the surface plane. The sampling frequency was 200 Hz 
throughout the experiment, and ensemble averaging between the three data runs was performed 
before estimating the 3-s gust values. The influence of the truss on the measurement of wind 
speeds was assessed by measurement of the surface pressure, with and without the truss, and 
was found to be about 5.5% smaller in magnitude with the presence of the truss, translating to 
a maximum estimated error of –2.7% in the wind speed measurements. 
 
2.2.7. Scaling 
To calculate the velocity scale, the maximum 3-s gust (horizontal wind speed) of the 
laboratory-simulated tornado is compared with the strongest EF3/weakest EF4 tornado (75 m 
s-1) at a 10-m height. Selection of the EF3 scale is based on statistics collected by Elsner et al. 
(2014) indicating that 99% of tornadoes occurring between 2007 and 2013 are rated EF3 or 
lower.  
To calculate the length scale, the distance between diametrically-opposite points with 
maximum horizontal wind speeds on both sides of the tornado centre was calculated along a 
line passing through the tornado centre and normal to the translation direction. This distance 
is defined to be the diameter of maximum wind speeds, with the widest damage expected to 
occur along this line. To find the diameter of maximum wind speed of a tornado in the field, 
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the two extreme ends of the mean-damage width, which is 736.3 m for EF3 tornadoes (Elsner 
et al. 2014), are taken as the starting points. At these locations, the 3-s gust was taken as a 
minimum value of 29 m s-1, corresponding to the lowest 3-s gust to make any damage at the 
EF0 scale. The modified Rankine vortex model is used to radially extend the horizontal wind 
speed profiles towards the tornado centre. The radial profiles are extended to the radii where 
the wind speeds are equal to the scaled-up maximum horizontal wind speeds found previously 
for the simulated tornado at the locations that define the diameter of maximum wind speed. 
The distance between these two locations defines the diameter of maximum wind speed in the 
field. The length scale is calculated from the comparison of the diameters of maximum wind 
speed of the laboratory-simulated tornado with field tornadoes. The modified Rankine vortex 
model is defined as 
 
V𝑉* = 𝑉*.X3B 𝑟𝑟XZ 																		𝑟 < 𝑟XZ,																																																																							(2.6𝑎)		𝑉* = 𝑉*.X3B( 𝑟𝑟XZ)_									𝑟 > 𝑟XZ,																																																																									(2.6𝑏) 				 
where Vh.max is the maximum horizontal wind speed, and rmw is the radius of the maximum 
horizontal wind speed, both at a specific elevation. The decay rate (α), which is a measure of 
the deviation from the conservation of angular momentum ranging between 0 and −1, with 
zero corresponding to the total dissipation of the angular momentum and −1 corresponding to 
the conservation of angular momentum, is taken as −0.55. The decay rate for tornadoes is 
between −0.45 and −0.80, with −0.55 being the mean decay rate in the 1998 Spencer, South 
Dakota tornado (Kosiba and Wurman, 2010). Due to the radial wind speed and its decaying 
profile outside the core radius, its effect on the horizontal wind speed is considered 
insignificant compared with the tangential wind speed. 
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 In the procedure outlined above, estimation of the 3-s gust depends on knowledge of 
the time scale dependent on the velocity and length scales, which requires an iterative 
procedure. Using such a procedure, the length, velocity, and time scales for the simulated 
tornado were extracted as 1/175, 1/5.85 and 1/30, respectively. The calculated length scale of 
1/175 is in the range of length scales (1/75 to 1/200) previously used in the ISU tornado 
simulator for building models (Haan et al. 2009; Hu et al. 2011; Thampi et al. 2011; Kumar et 
al. 2012; Case et al. 2014).  
 
 
Figure 2.4 Discretized experimental grid in the y-z plane. 
 
2.2.8. Interpretation of Velocity Time History 
2.2.8.1. Wind Amplification Factor 
For straight-line flow, the horizontal mean wind speed profile is a function of z only at 
each location along the topography (x-direction). For a tornado-like vortex, the velocity 
profiles are functions of time and space because of the three-dimensional and transient 
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characteristics of the tornado wind field. To define a vertical profile of maximum horizontal 
wind speed at each location x along the topography, the dependency of the maximum 
horizontal wind speed at locations along the y-direction is eliminated by considering the 
absolute maximum 3-s horizontal wind speed among all the lateral locations (y). The time 
dependency is also eliminated by determining the maximum 3-s horizontal wind speed from 
the time history of the horizontal wind speed. Since the tornado path and time of the exposure 
of any structure to tornado flow cannot be predetermined, this approach is taken to guarantee 
capture of the maximum wind speed for each location. The wind amplification factor (WAF) 
is defined as the ratio of maximum horizontal wind speed over the wind speed time history at 
each location on the topography, to the maximum horizontal wind speed on flat terrain (Vh.f) 
at the same height above the ground. 
 
2.2.8.2. Tornado Speed-up Ratio 
To calculate the maximum aerodynamic drag on structures, integration of the square of 
instantaneous horizontal wind speeds with elevation should be performed, in contrast to the 
approach outlined in Sect. 2.2.8.1 for finding the maximum horizontal wind speed. For the 
tornado speed-up ratio (TSR), the vertical profile of horizontal wind speed that results in 
maximum aerodynamic drag may not include the maximum horizontal wind speeds at different 
heights. Further details on the estimation of tornado-induced aerodynamic drag and TSR values 
can be found in the Appendix. 
 
2.2.8.3. Exposure Amplification Factor 
Another parameter that correlates with the damage patterns of high wind speeds is the 
duration of maximum wind speed, which has been observed by Wurman and Alexander (2005) 
 35 
for the 1998 Spencer, South Dakota tornado. Phan and Simiu (1998) reached similar 
conclusions from a damage survey of the 1997 Jarrel, Texas tornado. To investigate this 
parameter, the exposure amplification factor (EAF = dtT (dtF)-1) is defined as the ratio of the 
duration at any location on the topography exposed to a specified range of wind speeds (dtT) 
to the maximum duration of the same range of wind speeds on a flat terrain at the same height 
(dtF). Two wind-speed ranges, corresponding to EF2 (50–60 m s-1) and EF3 (61–75 m s-1) 
tornadoes, are considered. 
 
2.3. Results and Discussion 
The flow field of the stationary tornado is examined and compared with the modified 
Rankine and Burgers–Rott analytical vortex models, as well as with radar data from the 1998 
Spencer, South Dakota tornado (Kosiba and Wurman 2010). To observe the effect of the 
translation speed on the maximum horizontal wind speed, the results for the maximum 
horizontal wind speeds for two translation speeds of 0.15 m s-1 and 0.50 m s-1 are compared 
over flat terrain. A translation speed of 0.50 m s-1 was subsequently selected so as to observe 
the topographic effects on the maximum horizontal wind speeds and the duration of exposure 
to the maximum wind speeds at any location. The location of the vortex centre for the 
translating tornado on the three topographies is also shown. 
 
2.3.1. Tornado Flow Field on a Flat Terrain 
To understand the topographic effects on the near-surface tornado flow field, it is 
important to first consider the flow field of the translating tornado on flat terrain, to form a 
basis for a comparison of the results of the tornado flow field over more complex topographies.  
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2.3.1.1. Stationary Tornado 
The control parameters used to simulate the stationary tornado are given in Eqs. 2.1–
2.4, and the pressure coefficient at the ground is calculated using  𝐶c = ∆ef.gh-..%1 = 0.014∆𝑃,        (2.7) 
where Cp is the pressure coefficient, and ΔP is the pressure deficit from the far-field static 
pressure, taken as the room pressure in the laboratory. The pressure distribution on the ground 
along the two lines (x- and y-directions) that pass through the centre of the stationary tornado 
is shown in Fig.2.5.  
 
Figure 2.5 Radial distribution of the surface pressure coefficient along the x- and y-direction 
passing through the center of the stationary tornado. 
 
In Fig. 2.5, the region of maximum pressure deficit around the tornado centre can be 
seen, with a maximum pressure coefficient of –1.83. The radial distribution of 3-min-averaged 
tangential and radial wind speeds (hereafter, mean wind speed, scales up to ≈ 90 min in the 
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field) for several heights are shown in Fig. 6, where Vθ.c = 10.8 m s-1, rc = 0.28 m (≈ 49 m in 
the field) and zc = 0.05 m (≈ 8.8 m in the field). Here, zc is the height at which maximum 
tangential wind speed occurs in the flow field.  
 
 
Figure 2.6 Normalized radial distribution of (a) mean tangential wind speed and (b) mean 
radial wind speed. 
 
Figure 2.6a shows that, at low elevations of z/zc = 0.25 and z/zc = 1, the mean tangential 
wind speed increases almost linearly (solid-body rotation) up to rmw, while for the highest 
elevation of z/zc = 3.5, the velocity profile deviates from solid-body rotation at r < rmw. At radial 
distances larger than rmw from the tornado centre, the mean tangential wind speed decays non-
linearly. Figure 2.6b shows the distribution of normalized mean radial wind speed. The 
maximum radial wind speed in the flow field (Vr.max) is 0.79Vθ.c, and this occurs at the lowest 
elevation of the measurement domain at z/zc = 0.25 (≈ 2.2 m in the field), or 25% of the height 
of Vθ.c. The occurrence of maximum radial inflow at very low elevations above the ground (a 
few tens of metres) was observed in radar data for the 1999 Mulhall tornado (Lee and Wurman 
2005) and the 2004 Harper, Kansas tornado (Kosiba et al. 2008). The peak inflow decreases 
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with height to less than 50% of its maximum value at z/zc = 0.25. 
To examine the similarity between experimental velocity profiles and analytical models, radial 
profiles of the mean tangential wind speeds are compared with the analytical vortices of the 
modified Rankine and Burgers–Rott models in Fig. 2.7. The Burgers–Rott vortex model is 
defined (Davies-Jones and Wood 2006, Wood and Brown 2011) as 
 
𝑉* = 1.4𝑉*.X3B L $$lmRCJ n1 − exp	(−1.2564 L $$lmRC')t.   (8) 
 
 
Figure 2.7 Comparison of normalized radial profiles of tangential wind speed from the 
experiment with analytical modified Rankine and Burgers-Rott models. 
 39 
Figure 2.7 shows that, for lower elevations of z/zc = 0.25 and z/zc = 1, the tangential 
wind speed experimental data for r < rc or rmw compare well with those predicted by the 
modified-Rankine vortex model and no so well with those predicted by the Burgers–Rott 
model, because the modified-Rankine vortex model assumes that the tangential wind speed 
increases linearly with the radial distance from the tornado centre, following solid-body 
rotation within the vortex core. For larger elevations than z/zc = 3.5, the mean tangential wind 
speed profile does not follow solid-body rotation, and deviates towards the Burgers–Rott 
vortex model. For these elevations, the profile of the mean tangential wind speed around rc or 
rmw also matches better well with those by Burgers–Rott vortex model which predicts a smooth 
transition to the decaying radial profile of the mean tangential wind speed for r > rc or rmw. For 
radial distances larger than rc or rmw, extracted profiles from the Burgers–Rott vortex model 
deviate significantly from the experimental results, while selecting an appropriate decay rate 
from the modified-Rankine vortex model improves the correspondence with the 
measurements. The decay rate of −0.48 that compared the best with the measurements from 
the simulated tornado is within the range of measurements from radar observations for the 
1998 Spencer, South Dakota tornado, by Kosiba and Wurman (2010) and is close to the mean 
observed decay rate of −0.55 used for the scaling.  
To examine the similarity of the simulated tornado-like vortex to field tornadoes, 
normalized radial profiles of mean tangential wind speed at 40-m elevation extracted from 
radar data for the 1998 Spencer, South Dakota tornado (Kosiba and Wurman 2010) are 
compared with those of the stationary tornado at a scaled elevation of 31.1 m, which is the 
closest laboratory-measurement height to that of the radar measurements (Fig. 2.8). The reason 
to compare the radar data with the stationary tornado is that the ground-based velocity tracking 
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method (Lee et al. 1999) was used by Kosiba and Wurman (2010) to analyze the data. In this 
method, the effect of translation is removed, high wavenumber perturbations larger than 3 are 
eliminated, and the axisymmetric model is fitted to the wind speed profiles taken from radar 
measurements. In Fig. 2.8, radar data and laboratory data show a good correlation for three out 
of the four locations considered, except for the one exactly at the city of Spencer location, 
where the enhanced roughness of the city may be the reason for the mismatch with the 
laboratory data, which correspond to a smooth terrain.  
 
Figure 2.8 Comparison of normalized radial profiles of tangential wind speed between the 
laboratory at z=0.18 m (»31.1 m in the field) and field data (at 40 m). 
 
2.3.1.2. Translating Tornado 
Vertical profiles of the maximum horizontal wind speeds resulting from the two 
translation speeds of 0.15 m s-1 and 0.50 m s-1 are compared at four different locations along 
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the y-direction with those on a flat terrain. For nearly all locations, and at all heights, the lower 
translation speed results in higher maximum wind speeds (Fig. 2.9, Razavi and Sarkar 2016).  
 
 
Figure 2.9 Effect of translation speed on maximum horizontal wind speed. 
 
This effect has been observed by Haan et al. (2009) and Kumar et al. (2012) with 
respect to tornado loading on buildings where slow-moving tornadoes result in larger peak 
structural loading. Therefore, to simulate a more intense tornado in terms of the maximum 
wind speed and loading, a lower range of translation speeds for tornadoes in the field is 
considered. Using the calculated velocity scale, a translation speed of 0.50 m s-1 scales to 2.9 
m s-1 in the field, which is approximately the lower bound of tornado translation speeds in the 
field, such as the 2.2 m s-1 observed during the 2003 Manchester, South Dakota tornado 
(Karstens et al., 2010). 
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In Fig. 10, the contour of horizontal wind speed for the translating tornado with Vt = 
0.50 m s-1 on flat terrain at z/zc = 1 is shown. The horizontal wind speed in Fig.2.10 is 
normalized to the maximum mean tangential wind speed of 10.8 m s-1 in the flow field, and 
the spatial domain is normalized to the tornado core radius of 0.32 m. It can be observed that 
the zone of highest wind speeds is behind the centre of rotation, towards negative y-values, or 
on the right side of the tornado mean path on flat terrain, which is defined as the extension of 
the mean tornado centre along the translation direction for a stationary tornado. It can also be 
observed that the radius of the maximum horizontal wind speed (rmw) is not constant around 
the tornado centre. Maximum horizontal wind speeds are closest to the tornado centre on the 
leading edge (smallest rmw), and rmw increases helically in a clockwise direction from the point 
on the leading edge of the tornado centre until the point at the exact left side of the tornado 
centre is reached. The importance of the increase of rmw in the translation direction is that it 
increases the duration of exposure to high wind speeds and low pressures for the structure over 
which it translates. Similarly, an increase in rmw in the direction normal to the translation 
direction (y-direction) increases the damage width because a greater number of structures will 
be exposed to the maximum wind speeds and low pressures.  
 
2.3.2. Tornado Flow Field on a Topography 
Figure 2.11 shows the tracks of the WAF values at the two elevations of z/zc = 0.25 and 
z/zc = 1 (z ≈ 2.2 m and z ≈ 8.9 m, respectively, in the field), for all three topographies. Figure 
11a, b shows that, for the ridge on the uphill slope, the region of maximum WAF values is 
located on the left side of the mean path, and this region moves towards the right side of the 
mean path as the tornado approaches the crest (x/Lh = 2) and travels on the downhill slope all 
the way to the base of the topography (x/Lh = 4). The highest and lowest WAF values occur 
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just after the crest on the downhill slope (x/Lh ≈ 2.5), and at the base of the ridge on the downhill 
side (x/Lh ≈ 4), respectively. This behaviour in the location of the region of maximum WAF 
values is also clear on the escarpment (Fig. 2.11c, d), while on the valley (Fig. 2.11e, f), the 
region of maximum WAF values is concentrated on the right side of the mean path on the 
downhill slope, and veers slightly to the left side of the mean path as the tornado reaches the 
trough (x/Lh = 2), and climbs the uphill slope. This seems logical, since the order of uphill and 
downhill slopes is different from that of the ridge, and, as a result, the veering of the region of 
the maximum WAF values should occur in the opposite direction.  
 
 
Figure 2.10  Model contour of horizontal cross-section of the horizontal wind speed for the 
translating tornado on a flat terrain. 
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(a) Ridge at z/zc = 0.25 (b) Escarpment at z/zc = 0.25 
 
 
(c) Escarpment at z/zc = 0.25 (d) Escarpment at z/zc = 1 
 
 
(e) Valley at z/zc = 0.25 (f) Valley at z/zc = 1 
Figure 2.11 Contours of WAF values at z/zc = 0.25 and z/zc = 1 over different topographies 
(the translation direction is from left to right in all panels). 
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The distribution of the maximum WAF value with height is shown in Fig. 2.12, with 
locations corresponding to WAF values less than one shown in the deep blue colour. This figure 
implies that the maximum horizontal wind speed has decreased compared with the maximum 
horizontal wind speed at the same height and location on flat terrain. Figure 2.12a confirms 
the conclusion by Karstens (2012) that the maximum WAF value occurs just after the crest in 
the adjacent valley (x/Lh ≈ 2.5) and close to the ground. This maximum WAF value is equal to 
1.14, which is a 14% increase in the maximum wind speed on the ridge compared with the flat 
terrain at the same height. The lowest WAF value occurs near the downhill base. Figure 2.12b 
shows the WAF value distribution on the escarpment, where the maximum WAF value of 12% 
occurs at the top of the escarpment (x/Lh = 2). The minimum WAF value near the ground occurs 
before the crest at x/Lh = 1.5. For the valley (Fig. 2.12c), a maximum WAF value of about 10% 
occurs on the downhill slope (x/Lh ≈ 1).  
Figure 2.13 shows the topographic effects on EAF values at z/zc = 0.25 (≈ 2.2 m in the 
field). The left and right columns of Fig.2.13 show the contours of EAF values for the EF2 and 
EF3 wind-speed ranges, respectively. Figure 2.13a, b shows that the EF2 and EF3 wind speeds 
cover a wide region of about three and two core radii, respectively, on the right side of the 
tornado mean path. The maximum EAF value for the EF2 and EF3 wind speeds occurs at about 
two and one core radii, respectively. In Fig.2.13c, d, it is obvious that the EAF values increase 
for both the EF2 and EF3 categories at the top of the ridge, which is an increase of about 86% 
and 116%, respectively. The maximum EAF value for the EF2 wind speeds (Fig.2.13c) occurs 
at a point further away from the mean path compared with that for the EF3 wind speeds 
(Fig.2.13d). In Fig.2.13e, f, EAF values on the escarpment increase for the EF2 wind speeds 
by only 4%, while a maximum increase of about 60% occurs on the top of the escarpment for 
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the EF3 wind speeds. Figure 2.13g, h shows the magnitude of EAF values over the valley; 
while the maximum EAF value for the EF2 wind speeds decreases by 6%, a maximum increase 
of about 47% for the EF3 wind speeds is observed.  
 
a) Ridge 
 
b) Escarpment 
 
c) Valley 
Figure 2.12 Contours of WAF values over different topographies on a vertical plane 
(translation direction is from left to right in all panels). 
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(a) EF2 wind speeds on flat ground at z/zc = 0.25 (b) EF3 wind speeds on flat ground at z/zc = 0.25 
  
(c) EF2 wind speeds on ridge at z/zc = 0.25 (d) EF3 wind speeds on ridge at z/zc = 0.25 
 
 
(e) EF2 wind speeds on escarpment at z/zc = 0.25 (f) EF3 wind speeds on escarpment at z/zc = 0.25 
 
 
(g) EF2 wind speeds on valley at z/zc = 0.25 (g) EF3 wind speeds on valley at z/zc = 0.25 
Figure 2.13 Contours of EAF values for EF2 and EF3 wind speeds over flat terrain, and a 
two-dimensional ridge, escarpment and valley at z/zc = 0.25 (≈ 2.2 m in the field). 
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Figure 2.14 shows the trace of the tornado centre (centre of rotation) as it passes over 
different topographies, with the movement of the tornado centre to the left and right side of the 
mean path over the uphill and downhill slopes, respectively, in all cases. The maximum 
averaged displacement is about 0.7 core radii on each side of the tornado mean path. The 
pattern of the lateral movement of the tornado centre agrees with that found previously (e.g., 
Lewellen 2012, Karstens 2012).  
 
Figure 2.14 Trace of tornado centre over different topographies. 
 
2.4. Conclusion 
The topographic effects on the near-surface flow field of a translating tornado has been 
studied, with the aim of assessing the maximum changes in, (a) the maximum horizontal wind 
speed, (b) the maximum aerodynamic drag, and (c) the duration of exposure to maximum wind 
speeds for a slowly translating tornado, which is shown to result in larger maximum horizontal 
wind speeds in the tornado flow field. A simulated tornado was translated over three two-
dimensional topographies, a ridge, an escarpment and a valley, all with the same aspect ratio 
(H/Lh = 0.3). The WAF value, which is the ratio of the maximum wind speed at any location 
on a topography to the maximum wind speed on a flat terrain at the same height, reached 
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maximums of 1.14, 1.12, and 1.10 on the ridge, escarpment, and valley, respectively. The 
maximum WAF value occurs close to the ground (z/zc ≤ 1) for all topographies, implying that 
low-rise structures are more vulnerable to the effects of the topography on tornado wind 
speeds. Because of the displacement of the central part of the tornado along the topography, 
the location of the WAF value veered about the mean path on horizontal planes close to the 
ground. The TSR value, which is the ratio of the maximum aerodynamic drag on a structure at 
any location on a topography to the maximum aerodynamic drag on the same structure on a 
flat terrain, reaches a maximum value of 1.14 on the ridge. Another influence of the topography 
is on the duration of the high wind speeds. The EAF values give the ratio of the duration of the 
maximum wind speeds of a specific range at each location on a topography to the maximum 
duration of the same wind-speed range on a flat terrain and was observed to change by 86% 
and 110% on the ridge, by 4% and 60% on the escarpment, and by −6% and 47% on the valley, 
for the EF2 (50–60 m s-1) and EF3 (61–75 m s-1) wind-speed ranges, respectively. These results 
can be used to estimate the topographic effects on tornado-induced wind loads on structures, 
and for forensic investigations that infer the tornado wind speeds from damage surveys. 
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Appendix 
Tornado Speed-up Ratio (TSR) 
The effect of the topography on the tornado flow field is especially important in the 
development of structural design codes and standards for improvement of the design of 
structures for withstanding tornadoes. Here, a method to interpret the measurements and to 
calculate the maximum aerodynamic drag in tornado flows is explained and formulated. 
 
Definition 
To find the maximum aerodynamic drag on structures, instead of choosing the local 
maximum wind speeds at each height that may not occur at the same time, time histories of the 
vertical profiles of the horizontal wind speeds were examined. This difference in interpretation 
of the near-surface flow field of tornadoes on topographies, compared with straight-line flow, 
is due to the fact that tornadoes are transient three-dimensional phenomena. Changes in a 
tornado flow field depend on both time and the x, y and z dimensions in space, while the mean 
flow field for straight-line flow over a two-dimensional topography is also only two-
dimensional, depending on the x and z dimensions only (Fig. 2.3). This feature of tornado flow 
has led to the definition of the tornado speed-up ratio (TSR) as a new parameter, defined as the 
square root of the ratio of the maximum aerodynamic drag on a building located on a given 
topography with that for the building located on a flat terrain (Eqs. 2.9a and b). The square of 
the TSR value (equivalent to the topographic factor, KZT, in ASCE7-10 for straight-line flow) 
is multiplied by the design velocity pressure (1/2rV2) on a flat terrain to account for a given 
topography,  
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uv.luw.l = (f.gh-(x)E.l.v1 yz.l.v{f.gh-(x)E.l.w1 yz.l.w{),        (2.9a) 
𝑇𝑆𝑅 = Iuv.luw.l = I-(x)E.l.v1 }x-(x)E.l.w1 }x,        (2.9b) 
 
where FT.m and FF.m are the maximum aerodynamic drag forces on a topography and flat 
terrain, respectively, and Vh.m.T and Vh.m.F are vertical profiles of 3-s gusts of horizontal wind 
speed over topography and flat terrain, respectively, corresponding to the maximum 
aerodynamic drag. Here, ρ is the air density, A is the projected area normal to the wind 
direction, and Cd.m.T and Cd.m.F are maximum aerodynamic drag coefficients on topography and 
flat terrain, respectively.  
The magnitude of a TSR value depends on, (a) the location of the structure on a topography 
along the translation direction (x-direction), (b) the height of the structure (z), (c) the location 
of the structure in the y-direction with respect to the tornado mean path, and (d) the time.  
 
Structure Category 
To compensate for the effect of structure height, three structure categories (specific 
height ranges) are introduced to define the limits of integration over the square of the vertical 
profiles of horizontal wind speed. While calculation of the TSR value is more accurate with an 
increase in the number of structure categories, it is impractical for design purposes in codes 
and standards.  
The domain is categorized into three structure categories: the first category, Cat. 1, covers 
structure up to the height equivalent of a two-storey building (say, 6 m); the second category, 
Cat. 2, includes structures with height ranges between a two-storey and twelve-storey buildings 
(say, 6 to 36 m); the third category, Cat. 3, covers structures with height ranges between 12-
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storey and 42-storey buildings (say, 36 to 126 m). The effect of structure height is considered 
because the vertical profile of the horizontal wind speed that produces the largest aerodynamic 
drag for a low-rise structure may not be the same for intermediate or high-rise structures.  
 
Assumptions 
In the assessment of the TSR value, it is assumed that the structure is oriented either on 
a topography or on a flat terrain, such that the vertical profile of the horizontal wind speed 
producing the largest aerodynamic drag acts on the structure along its worst possible angle of 
attack. The aerodynamic drag coefficient in Eq. 9a is taken as the same for both the topography 
and the flat terrain.  
The area A is also taken to be the same for both situations, since it is applied to the 
same structure and normal to the worst direction of the wind-speed profile for both flat terrain 
and topography. The only effect of the area (width × height) considered in this comparison is 
related to the height of the structure based on the assumption that the wind speed is constant 
along the width of the structure but varies with height. This assumption is valid if the tornado 
is much larger than the structure.  
The effect of pressure drop in tornadoes on the aerodynamic drag is neglected in this 
approach based on the assumption that the size of the tornado is much larger than the structure, 
making the suction due to the pressure drop equal on opposite sides of the building. Another 
fact that compensates for this assumption is that, for a simulated tornado with a region of 
constant pressure drop around the centre, which is similar to the 2002 Mullinville, Kansas 
tornado and the 2008 Tipton, Kansas tornado (Karstens et al. 2010), the variation in pressure 
drop is small over a wide region at and around the tornado centre. 
In the calculation of the TSR value, for each location along the topography (constant 
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x), the vertical profile of the horizontal wind speed that produces the maximum aerodynamic 
drag, regardless of either its location in the y-direction or its time of occurrence, is selected for 
each of the three structure categories located on each topography. Elimination of the 
dependency of the TSR on time and location in the y-direction guarantees the calculation of the 
TSR value under the worst loading scenario due to the fact that the building may be located at 
any location in the y-direction relative to the unknown tornado mean path.  
 
Assessment 
If the overlap of structure height for a particular structure category is over a wide range 
of scaled-up probe heights (> 50%), or the lower bound of the scaled-up probe height overlaps 
with a region in the upper bound of the structure height, the wind speed corresponding to that 
probe height is considered in the calculation of TSR values. To scale up the probe heights, the 
range of the length scale is calculated based on the range of the damage width for the EF3 
tornadoes (Elsner et al. 2014) and the range of decay rates for the modified-Rankine vortex 
model (−0.8 to −0.45, Kosiba and Wurman 2010), at r > rmw (Sec. 2.2.7). Based on these 
variabilities, the range of the length scale here varies between ≈ 1/100 and ≈ 1/465.  
After finding all the probe heights corresponding to each structure category, the overall 
tornado-induced aerodynamic drag on a structure is calculated by integration of the square of 
the horizontal wind speed from the ground surface up to that probe height. To make a 
continuous vertical profile of horizontal wind speed from the seven grid points in the z-
direction, a logarithmic function with a roughness length of 0.00017 m (0.03 m in the field) is 
used to connect the surface velocity of zero (no-slip condition) on the ground, to the first grid 
point at the lowest elevation of z = 0.03 m (≈ 2.2 m in the field). The other six points are 
connected by piecewise polynomial techniques between successive points, because of the large 
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curvature in the profile. The largest TSR value calculated from different probe heights is 
selected for that category.  
 
Formulation 
For each structure category, a second-order Fourier equation is used to fit a curve 
through the calculated maximum TSR values along the topography. An exception is a 
sinusoidal variation in the TSR value observed near the downhill base of the ridge. It seems 
that the source of the anomaly is flow separation from that region where the vortex structure 
breaks apart. The frequency of the Fourier equation is calculated as 𝐿*/2𝐻 = 1.67, relating 
the fitted equation to the geometry (aspect ratio) of the topographies. Table 2 shows equations 
for estimating TSR values for different topographies and structure categories, their R2 values, 
and the range of their application. To use these equations to calculate the TSR value, the 
structure category, 1, 2, or 3, and longitudinal location of the structure on the two-dimensional 
topography (0 £ x/Lh £  4 for the ridge and valley, and 0 £ x/Lh £  2 for the escarpment) are 
required. Although these equations are derived based on topographies with a single aspect ratio 
(H/Lh = 0.3), the relationship of the frequency of the Fourier equation (1.67) to the aspect ratio 
may help to extend the application of these equations to topographies with other aspect ratios. 
Further experiments or numerical studies on topographies with other aspect ratios may improve 
the accuracy of the calculated TSR values and refine the extracted Fourier equations. 
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Table 2.2 Fitted equation of TSR values over different topographies. 
Category Curve-fit Equation Constant R2 Range 
Two-dimensional ridge 
1 
a0 + 0.05cos(1.67x/Lh) − 0.08sin(1.67x/Lh) + 
2.33cos(2×1.67x/Lh) + 4.03sin(2×1.67x/Lh) 
a0  = 
−3.16Cat. + 
12.64 
0.98 
x/Lh 
<2.5 2 
3 
a0 − 0.5cos(1.67x/Lh) − 3sin(1.67x/Lh) + 
cos(2×1.67x/Lh) + 4sin(2×1.67x/Lh) 
0.97 
0.94 
1 4.49Cat. 2 −36.45Cat. + 74.81 
- 
0.99 
x/Lh 
>2.5 
2 6.57Cat. 2 −49.03Cat + 93.76 0.99 
3 3.18Cat. 2 −25.01Cat. + 51.63 1 
escarpment 
1 
a0 − 0.5cos(1.67x/Lh) − 2sin(1.67x/Lh) + 
cos(2×1.67x/Lh) + 4.5sin(2×1.67x/Lh) a0 = 
−2.79Cat. + 
10.91 
1 
All x/Lh 
2 
3 
a0 − 1.5cos(1.67x/Lh) − 4sin(1.67x/Lh) + 
cos(2×1.67x/Lh) + 3.5sin(2×1.67x/Lh) 
0.98 
0.98 
valley 
1 
a0 − cos(1.67x/Lh) − 0.25sin(1.67x/Lh) − 
1.5cos(2×1.67x/Lh) + 5.5sin(2×1.67x/Lh) 
a0 =  
1.26Cat. 2  − 
6.84Cat. + 
13.69 
0.99 
All x/Lh 
2 
3 
a0 − 0.25cos(1.67x/Lh) + 1.5sin(1.67x/Lh) − 
1.5cos(2×1.67x/Lh) + 4.5sin(2×1.67x/Lh) 
0.92 
0.96 
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Abstract 
Translation of tornadoes is an important feature in replicating the near-ground tornado 
flow field which has been simulated in previous studies based on Ward-type tornado simulators 
using relative motion of the ground plane. In this laboratory investigation, effects of translation 
on the near-ground tornado flow field were studied using the ISU Tornado Simulator that can 
physically translate over a ground plane. Two translation speeds, 0.15m/s and 0.50m/s, that 
scale up to those corresponding to slowly-moving tornadoes in the field were selected for this 
study. Compared with the flow field of a stationary tornado, the simulated tornado with 
translation had an influence on the spatial distribution and magnitude of the horizontal 
velocities, early reversal of the radial inflow, and expansion of the core radius. Maximum 
horizontal velocities were observed to occur behind the center of the translating tornado and 
on the right side of its mean path. An increase in translation speed, resulted in reduction of 
maximum horizontal velocities at all heights. Comparison of the results with previous studies 
that used relative motion of the ground plane for simulating translating tornadoes, showed that 
translation has similar effects on the flow field at smaller radial distances (~2 core radius), but 
different effects at larger radial distances (~4 core radius). Further, it showed that the effect of 
translation on velocity profiles is noticeable at and above an elevation of ~0.6 core radius, 
unlike those in studies based on the relative motion of the ground plane.   
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3.1. Introduction 
Based on three-year average (2014-2016) statistics, about 1000 tornadoes touch down 
annually in the US causing 29 fatalities 
(http://www.spc.noaa.gov/climo/online/monthly/newm.html) and immense property loss. This 
highlights the vulnerability of lives and infrastructure to tornadoes and calls for investigation 
of significant parameters that influence the near-ground wind field in tornadoes. Since the 
pioneering work of Ward (1972), many studies have been done on tornado flow field (Ward 
1972, Dessens Jr. 1972, Davies-Jones 1973, Jischke and Parang 1974, Leslie 1977, Rotunno 
1977, Church et al. 1979, Diamond and Wilkins 1984, Lewellen et al. 1997, Haan et al. 2008, 
Hashemi Tari et al. 2010, Natarajan and Hangan 2012, Refan and Hangan 2016, Liu and 
Ishihara 2016). Initially, these studies focused on understanding of the wind-flow structure of 
stationary tornadoes and important parameters that influences it, i.e., swirl ratio, ratio of 
angular to radial momentum, radial Reynolds number and aspect ratio, ratio of a characteristic 
height to a characteristic radius (Ward 1972, Davies-Jones 1973, Jischke and Parang 1974, 
Church et al. 1979), whereas the later and more recent studies included the roles of tornado 
translation and ground roughness (Dessens 1972, Leslie 1977, Diamond and Wilkins 1984, 
Lewellen et al. 1997, Natarajan and Hangan 2012, Liu and Ishihara 2016) on the tornado-flow 
structure. The Ward-type simulator could not simulate translating tornadoes, so relative motion 
of the ground plane was used in simulation of translating tornadoes. Diamond and Wilkins 
(1984) simulated a translating tornado with relative motion of the ground plane in a laboratory 
apparatus, where they observed core expansion as a result of local increase in swirl ratio. 
 61 
Lewellen et al. (1997) repeated the same procedure except using a numerical simulation and 
observed a slight increase in the mean velocities and a greater increase of the fluctuating 
velocities at certain locations. The maximum increase in the mean and fluctuating components 
of the total velocity occurred inside the tornado core at lower elevations near the ground. It 
was also observed that the tornado center (center of rotation) at low elevations close to the 
ground plane, lags behind the tornado center at higher elevations and occurs on the right side 
of the tornado’s mean path. Natarajan and Hangan (2012) used a numerical model and 
implemented the same method of moving ground plane to study the effects of tornado 
translation on flow field of stationary cases, while considering different swirl ratios. They 
concluded that the maximum mean tangential velocity of high-swirl tornadoes increases, while 
it decreases in low-swirl tornadoes as a result of translation. Most recently, Liu and Ishihara 
(2016) used a numerical model to investigate effects of tornado translation on flow field of 
stationary tornadoes by translation of the ground plane and concluded that, while effects of 
translation on core radius and tangential velocity is negligible, its effect on vertical velocity is 
significant. They also stated that their conclusions based on using the relative motion approach 
is only valid close to the ground plane.  
In the current study, the ISU Tornado Simulator that can simulate translating tornadoes 
by horizontal translation of the simulator hanging above the ground plane was used to 
investigate effects of horizontal translation speed of a tornado on its near-ground flow field. 
These flow fields of simulated tornadoes with different translation speeds were then compared 
to one another and that of the parent stationary tornado. This study also seeks to find the degree 
of agreement among results from different approaches in studying translating tornadoes, i.e., 
studies based on relative motion of ground plane and translation of simulator.  
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3.2. Methodology 
In this section, mechanism of tornado simulation using the ISU Tornado Simulator is 
explained, parameters that control tornado structure are defined, characteristics of instruments 
used are clarified, grid points for measurement are tabulated and procedure to measure velocity 
time histories is described.  
 
3.2.1. ISU Tornado Simulator 
In the ISU Tornado Simulator (see Fig. 3.1), a vertically suspended fan at the center of 
the simulator sucks the air upward to produce an updraft that passes through a series of screens 
and a honeycomb at the fan inlet to remove the fan’s influence on the upstream flow. The 
airflow downstream of the fan is then guided into an annular duct at the top of the simulator, 
where it flows radially outward and passes through a series of equally spaced vanes, located 
around the outer periphery of the annular duct. These control vanes are in the form of thin 
plates that rotate about a hinge to add angular momentum to the flow. The swirling flow is then 
guided through a vertical duct that is circular in shape along the outer periphery of the simulator 
to simulate a downdraft that is released close to the ground plane. This swirling flow that exits 
the outer duct is sucked towards the center of the simulator, where there is a pressure deficit, 
and becomes part of the inflow in the vicinity of the ground plane before becoming part of the 
rotating updraft in the central part of the simulator. The relatively slow swirling flow that exits 
the outer duct gains angular momentum as it flows toward the center of the simulator as a result 
of reduction in the radius of rotation and therefore sees an increase in tangential velocity. The 
horizontal translation of the simulator is enabled with the help of a 5-ton crane from which the 
simulator is suspended above the ground plane. Vane angles can be manually adjusted from 0 
to 90 degrees with respect to radial direction, the inlet height or space between the outer duct 
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and the ground plane can be adjusted by moving the ground plane up or down, the translation 
speed of the simulator can be varied up to 0.61m/s and the maximum flow rate of 23m3/s can 
be practically achieved. Further details of this simulator can be found in Haan et al. (2008). 
  
 
 
(a) Laboratory view (b) Schematic illustration 
Figure 3.1 ISU Tornado Simulator 
 
 
 
3.2.2. Tornado Simulation 
To study effects of translation on tornado flow field, controlling parameters of the ISU 
Tornado Simulator were adjusted to the values given in Table 3.1. Important non-dimensional 
parameters (Lewellen 1962, Church et al. 1979) defining the structure of the simulated tornado, 
including the swirl ratio, the radial Reynolds number, and the aspect ratio, were calculated 
based on Eqs. (1)-(4):  
                                (3.1) 
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                                       (3.2) 
                                      (3.3) 
                                        (3.4) 
 
where Vθ.c is maximum mean tangential velocity in the flow field, rc is core radius at which 
Vθ.c occurs, Sc is swirl ratio at the rc, Γ is circulation defined at the rc, Q’ is volume flow rate 
per unit inlet height, h is inlet height, Q is volume flow rate, Svane is swirl ratio at the radial 
location of the vanes, θ is vane angle relative to the radial direction, a is aspect ratio, r0 is the 
fan radius, Rer is radial Reynolds number, and ν is kinematic viscosity of air, taken as 1.5 × 
10-5m2/s. Sc is an alternative definition of swirl ratio, first defined by Haan et al. (2008) to relate 
swirl ratio to characteristic velocity and length, Vθ.c and rc , in tornado flow field. The flow 
fields of a stationary tornado and two translating tornadoes with translation speeds of 0.15m/s 
and 0.5m/s were studied and presented in this paper. 
 
Table 3.1 Control parameters of the ISU Tornado Simulator. 
Control parameter Value 
Vane angle (deg) 55 
Flow rate (m3/s) 12.03 
Inlet height (m) 0.76 
 
 
3.2.3. Instruments 
For measurement of velocity components in the flow field of the simulated tornado, a 
pressure-based probe known as the Omni-probe (DANTEC 18-hole) was used. Measurement 
accuracy of this probe is ±2% in velocity magnitude and ±1.5o in velocity angle (Haan et al. 
2008). This probe can measure velocities within a cone angle of ±165 degrees about its axis 
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and hence, was the only choice in this study of a velocity field that is highly three dimensional. 
Since total velocity at the center of the translating tornadoes was in the order of 1-2m/s, 
measurements of the Omni probe were compared side-by-side in a straight-line Atmospheric 
Boundary Layer (ABL) wind tunnel at Iowa State University, with another pressure-based 
probe known as the Cobra-probe (TFI), that is considered accurate in capturing velocities as 
low as 2m/s. This comparison showed that the Omni probe can accurately measure mean 
velocities as low as 2m/s. Narrow cone angle of measurement domain of the Cobra probe, 
which is ±45 degrees about its axis, prevents it to detect flow field of a translating tornado as 
it passes over it, because of flow reversal and high turbulence, and hence makes it inappropriate 
for the current study. Furthermore, Particle Image Velocimetry (PIV) was impractical, because 
of the large domain of this experiment that demands large seed particles for the available pixel 
resolution (Haan et al. 2008) and requires a high-resolution camera. 
 
3.2.4. Experimental Grid 
The Omni probe was located at several locations in radial (r) and vertical directions (z) 
for stationary tornado, and in y and z directions for translating tornadoes (Table 3.2). For the 
stationary tornado, r=0 corresponds to the center of tornado. The center of the stationary 
tornado was found by finding the center of symmetry of the ground surface pressure, using 30 
pressure taps that were spaced 0.05m apart. For translating tornadoes, the x-axis was taken in 
translation direction, the y-axis was normal to the translation direction with y=0 located at the 
mean center of rotation of the stationary tornado, and the z-axis was the height above the 
ground plane with z=0 located on the ground plane. Grid points in the z direction were similar 
for both stationary and translating tornadoes.  
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Table 3.2 Dimension of the grid points. 
Dimension Values 
 r(m) (Stationary tornado) 0, 0.13, 0.23, 0.25, 0.28, 0.32, 0.38, 0.51, 0.64, 
0.89, 1.14, 1.4 
 y(m) (Translating tornado) 0, ±0.13, ±0.25, ±0.38, -0.51, ±0.64, ±0.89, ±1.14 
 z(m) 0.013, 0.019, 0.025, 0.051,0.1, 0.18, 0.28 
 
 
 
 
3.2.5. Procedure 
It was assumed that flow field of the stationary tornado was axisymmetric, since the 
structure of the simulator and boundary conditions were axisymmetric and hence, velocity 
measurement was done in one radial direction. Velocity components were measured and 
averaged in time for a relatively long duration (180s). For translating tornadoes, velocity time 
histories were sampled at each spatial point (Table 3.2) for 40s and 10s which are required 
times for the tornado to translate over the entire length of the ground plane corresponding to 
translation speed of 0.15m/s and 0.50m/s, respectively. For translating tornadoes, three data 
runs were sampled at each spatial point for ensemble averaging which is reported in this study. 
A sampling rate of 200 Hz was used for all measurements. All the measurements were done 
on a vertical plane with constant position in x direction. To observe the mean flow field of the 
tornado along the x direction, time domain was mapped into the space domain, knowing the 
time steps and the translation speeds. 
 
 
3.3. Results and Discussion 
This section presents profiles of velocity components for stationary and translating 
tornadoes and their comparisons, comparison of velocity profiles of the simulated translating 
tornadoes from two approaches of relative motion of the ground plane and translation of the 
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simulator, and contours of velocity for a translating tornado on several horizontal planes at 
different elevations from the ground that are usually relevant to engineering applications. 
 
3.3.1. Stationary Tornado 
Radial distribution of ground surface pressure and radial profiles of horizontal velocity 
components (tangential and radial) at different heights for the stationary tornado are shown in 
Figs. 3.2 through 3.4. Velocities were normalized with Vθ.c=10.8m/s and radial distances and 
elevations were normalized with rc=0.32m and zc=0.05m (elevation at which Vθ.c occurs), 
respectively. Ground surface pressure coefficients were calculated based on Eq. 3.5: 
                                        (3.5) 
where Cp is pressure coefficient, ΔP is pressure difference relative to far-field atmospheric 
pressure in the laboratory, and ρ is air density taken as 1.225 kg/m3 based on laboratory 
conditions. 
 
 
Figure 3.2 Normalized ground surface pressure distribution of the stationary tornado 
along the translation direction (x) and normal to the translation direction (y), both 
passing the center of the stationary tornado. 
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In Fig. 2, normalized radial distribution of the ground surface pressure for the stationary 
tornado is shown along two radial lines passing through the tornado center, along the 
translation direction (x) and normal (y) to this direction, exhibiting almost constant radial 
distribution of pressure coefficients around the center. This type of radial distribution of 
normalized ground surface pressure is comparable with those observed by Natarajan and 
Hangan (2012) for mid-to-high swirl ratios (Svane.> 0.5), and those observed in the Mullinville, 
Kansas, tornado of 2002 and the Tipton, Kansas, tornado of 2008 (Karstens et al. 2010). The 
minimum pressure coefficient for this simulation was -1.83. 
 
 
 
(a) Mean tangential velocity (b) Mean radial velocity 
 
Figure 3.3 Normalized radial profiles of mean velocity components for a stationary 
tornado. 
 
 
Figure 3.3 shows radial profiles of normalized mean tangential (Vq /Vq.c) and mean 
radial velocities (Vr /Vq.c) of a stationary tornado at different normalized heights above the 
ground plane (z/zc), where the positive value of radial velocity is considered to be toward the 
center of the tornado. It is observed in Fig. 3.3a that mean tangential velocity at all heights 
increases with radial distance from the center of the tornado to a maximum value that occurs 
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at around 0.8rc to 1.4rc, after which it decays. The normalized maximum mean tangential 
velocity increases with height up to z/zc=1 (z=0.051m) and decreases above z/zc=1 (z=0.051 
m), while the core radius increases with increase in height up to z/zc=1 (z=0.051m) and remains 
almost constant at higher elevations of z/zc=2 and z/zc=3.5. The maximum mean radial velocity 
in the flow field (Vr.max) is 0.79Vθ.c and occurs at the rc, at z/zc=0.25 (z=0.013m) that is the 
lowest measurement point in this experiment, well below zc. This is consistent with field 
observations using radar measurements where maximum inflow was found to occur at the 
lowest elevation of the measurement domain in the Mulhall Tornado of 1999 (Lee and Wurman 
2005) and at low elevation levels in the Harper, Kansas, tornado of 2004 (Kosiba et al. 2008). 
In Fig. 3.3b, it is observed that radial velocity increases with an increase in radial distance up 
to about r/rc=1, and thereafter decreases. An increase in height, results in a steep reduction in 
mean radial velocity. The maximum mean radial velocity at the height corresponding to Vθ.c 
(z/zc=1) drops to 41% of Vr.max or 0.32Vθ.c. Radial velocities inside the core radius at elevations 
greater than or equal to z/zc=2 are about the same magnitude. For all elevations of 
measurement, low radial outflow was observed close to the tornado center, inside the radius of 
0.2rc., which is a sign of a two-celled tornado structure.    
 
 
(a) Mean tangential velocity (b) Mean radial velocity 
Figure 3.4 Normalized vertical profiles of mean velocity components for a stationary 
tornado. 
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Figure 3.4 shows vertical profiles of normalized mean tangential and normalized mean 
radial velocities at different normalized radial distances. It was observed in Fig. 3.4a that 
tangential velocity at r/rc=4.4 (r=1.4m) does not vary significantly with height and is less than 
0.5Vθ.c. At a smaller radial distance of r/rc=2, ABL-like vertical profile of tangential velocity 
is observed with a maximum of 0.79Vθ.c at z/zc=2. At r/rc=1 or the core boundary, the 
appearance of a specific vertical profile of tangential velocity is observed, where maximum 
tangential velocity increases to its peak at z/zc=1 and decreases above that height until it reaches 
an almost constant value. The peak value of maximum tangential velocity at r/rc=1 occurs at 
half the elevation compared to r/rc=2. At radial distances smaller than r/rc=1, the tangential 
velocity is smaller at all heights compared to those at r/rc=1; at r/rc=0.6 the peak maximum 
tangential velocity decreased to 0.73Vθ.c., but occurs very close to the ground plane (z/zc=0.38).  
It seen in Fig. 3.4b that the radial velocity (inflow) at r/rc=4.4 (far field) is lower than 
0.2Vθ.c at all heights measured. As radial distance decreases, for example at r/rc=2, the radial 
velocity decreases slightly above z/zc=2 compared to those at r/rc=4.4, but significantly 
increases at lower heights, with a peak value increasing to more than 2.5 times that of peak 
radial velocity at r/rc=4.4 just above the ground plane at z/zc=0.25. These vertical profiles of 
radial velocity that are specific to tornadoes were also observed by Baker (1981). At r/rc=1, 
Vr.max=0.79Vθ.c occurs at z/zc=0.25, the lowest height of measurement. A further decrease in 
radial distance results in a reduction of the radial velocity, with a reversal of radial flow 
direction (moving away from the center of tornado) or negative radial velocity occurring at 
r/rc=0.2 above z/zc=2, which is an indication of downdraft occurring at around the center of 
the core area. 
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3.3.2. Translating Tornado 
To attain a better understanding of the effects of tornado’s translation on the near-
ground tornado flow field, comparison of radial and vertical profiles of normalized tangential 
and normalized radial velocities for translating tornadoes, corresponding to two translation 
speeds of Vt=0.15m/s and Vt=0.50m/s are shown along with the velocity profiles of the 
stationary tornado (Vt=0) in Figs. 3.5-3.6. In Fig. 3.5, profiles along the translation direction 
(x) are shown with lines because velocity time histories are available along this direction 
providing high-resolution measurement, while profiles in y direction are shown with symbols 
because velocity measurements at the grid points are discrete. Continuous lines are extracted 
from the measured time histories at y=0, which is the center of the rotation for the stationary 
tornado and is considered as the mean path of the translating tornado. This is assessed to be 
the closest location to the center of the rotation of the translating tornado from the streamlines 
of horizontal velocities at different heights as shown in Fig. 3.9. To extract radial and tangential 
velocity components in y direction on both sides of the tornado’s mean path, time of the 
occurrence of the center of rotation is extracted first, from the change in sign of the tangential 
component of velocity time history at y=0 and then, velocity components occurring at the same 
time of occurrence were extracted from time histories measured at the non-zero y values. All 
velocities were normalized with the maximum tangential velocity of the stationary tornado in 
the flow field (Vθ.c=10.8m/s).  
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(a) Normalized radial velocity (Vr/Vq.c) at z/zc=0.5 (b) Normalized tangential velocity (Vq/Vq.c) at 
z/zc=0.5 
 
 
(c) Normalized radial velocity (Vr/Vq.c) at z/zc=1 (d) Normalized tangential velocity (Vq/Vq.c) at z/zc=1 
 
Figure 3.5 Radial profiles of normalized radial and tangential velocities for translating 
tornadoes. 
 
 
As depicted in Fig. 3.5a and 3.5c, for translating tornadoes, radial velocity along the 
translation direction (x) on the front side (+x/rc) and to the left side (+y/rc) of the tornado center 
decreases significantly, and a negative radial velocity (outflow) occurs around the center of 
rotation along these two radial directions (+x and +y). Radial velocity along the translation 
direction (x) and behind the center of rotation (-x/rc) increases at both elevations in comparison 
to that of the stationary tornado with a larger increase at z/zc=0.5. Maximum radial velocities 
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for translating tornadoes at both heights occur at a larger radial distance of ~2rc. The radial 
velocity normal to the translation direction and to the right side of the tornado center (-y/rc) 
has a magnitude comparable to that of the stationary tornado for Vt=0.15m/s and is smaller 
than that of the stationary tornado for Vt=0.5m/s.  
In Fig. 3.5b and 3.5d, core radius of the translating tornado rt (radial location of 
maximum mean tangential velocity at each height) is larger than that of the stationary tornado 
(rs) at z/zc=0.5 and z/zc=1. It is clear that introduction of translation results in the expansion of 
the core along both x and y-directions, confirming the results of Diamond and Wilkins (1984) 
and Liu and Ishihara (2016) that core radius of translating tornadoes increases with respect to 
stationary tornadoes. For the stationary tornado, rs=0.8rc and rs=0.88rc at z/zc=0.5 and z/zc=1, 
respectively. The core expansion for the translating tornado is up to about 2.3rc along the y 
direction and on the left side of the tornado mean path (+y/rc), and 1.6rc along the x direction 
and behind the tornado (-x/rc), 1.4rc along the y direction and on the right side of tornado mean 
path (-y/rc), and equal to rc along the x direction and on the front side of the center of rotation 
(+x/rc) at z/zc=0.5. The only difference at z/zc=1 is that expansion of rc along the x direction 
and behind the tornado center (-x/rc) is 1.9rc, indicating that expansion of the core radius 
increases with height, at least along the x direction. This conclusion does not match with 
Ishihara and Liu (2016), where addition of translation reduces the radius of maximum 
tangential velocity. At both elevations, z/zc=0.5 and z/zc=1, maximum tangential velocity along 
the translation direction (x) at y=0 for Vt=0.15m/s is larger than that of Vt=0.50m/s which in 
turn is larger than that of Vt=0 (stationary tornado). An increase in core radius in the translation 
direction, results in longer exposure of maximum winds and low ground surface pressures to 
any building over which the tornado passes, correlating with the observed structural damage 
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(Wurman and Alexander 2005), while in normal to the translation direction it results in larger 
widths of maximum winds and low ground surface pressure, increasing the likelihood of 
structural damage and the width of damage path compared to very slowly moving or almost 
stationary tornadoes. 
One important observation from Fig. 3.5 is that radial inflow abruptly decreases in 
magnitude or changes direction to become radial outflow right around the core radius. This 
means that, as soon as the radial inflow toward the center of rotation stops, the tangential 
velocity reaches its peak and thereafter decreases with a decrease in radial distance. The 
underlying explanation for this observation is that tangential velocity increases as radial 
distance decreases because of conservation of angular momentum (L=mrVθ) but occurs as long 
as the vortex continues to shrink that occurs only with a positive radial inflow. Another 
observation is that radial inflow changes direction between 0 to 2 core radii along both +x/rc 
and +y/rc directions, indicating that the downdraft center is not aligned with the center of 
rotation and instead, tilts toward the left side of the center of rotation for the translating tornado. 
In Fig. 3.6a, it is observed that radial velocity at r/rc=1 decreases because of the 
translation. Except for the heights lower than ~z/zc=0.5, radial velocity in front of the center of 
rotation (+x) changes direction at all heights for both translation speeds, which is an indication 
of the occurrence of a downdraft. Behind the center of rotation (-x), radial velocity is toward 
the center, but its peak is much smaller than that of the parent stationary tornado. In Fig. 3.6c, 
it is seen that radial velocity at r/rc=2 decreases on the front side of the center of rotation and 
increases behind it as a result of translation. 
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(a) Normalized radial velocity (Vr/Vq.c) at r/rc=1 (b) Normalized tangential velocity (Vq/Vq.c) at r/rc=1 
 
 
(c) Normalized radial velocity (Vr/Vq.c) at r/rc=2 (d) Normalized tangential velocity (Vq/Vq.c) at r/rc=2 
 
Figure 3.6 Vertical profiles of normalized radial and tangential velocities for 
translating tornadoes. 
 
 
In Fig. 3.6b, it is observed that at r/rc=1, tangential velocity behind the center of rotation 
(-x) is less than that on the front side (+x), and the difference in magnitude of tangential velocity 
behind and on the front side of the center of rotation is more pronounced for a tornado with 
lower translation speed. This is not consistent with the results at r/rc=2 as shown in Fig. 3.6d 
where the difference in the magnitude of tangential velocity behind and in front of the center 
of rotation is more pronounced for the higher translation speed. The difference in behavior of 
the flow at these two radial distances is because of the difference in physics of the flow inside 
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and outside the core. While r/rc=1 is less than or equal to the core radius of the translating 
tornadoes, r/rc=2 is outside their core, feeding on the far-field angular momentum. This is not 
the physics behind the flow of angular momentum inside the core. This behavior can be seen 
in Figs. 3.6c-d at r/rc=2, where larger radial velocities result in larger tangential velocities for 
the translating tornadoes compared to those of stationary case at the same location behind the 
center of tornado (-x).  
 
 
Figure 3.7 Comparison of normalized radial profiles of tangential velocity at z/rc=0.52 
for numerical simulation and Doppler radar measurement and at z/rc=0.56 for the 
current experiment. 
 
 
In Fig. 3.7, normalized radial profiles of tangential velocities for stationary tornadoes 
are compared between the current experiment, Doppler radar data from the Spencer, South 
Dakota tornado of 1998 (Haan et al. 2008) and numerical simulation of Liu and Ishihara 
(2016). Comparison shows a good agreement between the normalized results from all three 
studies; it shows almost linear growth of tangential velocity with increase in radial distance 
inside the core and a decaying profile outside the core. 
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(a) r/rc=1.8 (b) r/rc=3.6 
 
Figure 3.8 Comparison of normalized radial velocity with numerical simulation of Liu 
and Ishihara (2016). 
 
 
In Fig. 3.8, vertical profiles of normalized radial velocities are compared between the 
current experiment and the numerical simulation of Liu and Ishihara (2016), where relative 
ground motion was used to simulate translating tornadoes. In the numerical simulation, 
Vθ.c/Vt=8.06, while in the current study, Vθ.c/Vt=21.6 for Vt=0.5m/s and Vθ.c/Vt=72 for 
Vt=0.15m/s; hence, Vt=0.5m/s is used for the comparison. In the numerical simulation, 
distribution of maximum tangential velocity for translating tornado was considered 
axisymmetric; hence, radius of maximum tangential velocity in the cyclostrophic balance 
region was calculated by spatial averaging over 12 angles around the tornado center. In the 
experiment, lack of high resolution data at all angles around the tornado center, forced us to 
average the data over 2 angles only, in front and behind the tornado center. In Figs. 3.8(a)-(b), 
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profiles of the stationary tornadoes from both experiment and numerical simulation are similar, 
up to z/zc≈2 (z/rc≈0.32) at r/rc=1.8 and up to z/zc≈4.5 (z/rc≈0.72) at r/rc=3.6. The discrepancy 
at r/rc=1.8 is because of the higher swirl ratio of the numerical simulation, which results in 
appearance of an outflow (radial velocity moving away from the tornado center) at larger radial 
distances in comparison to the experimental study. At r/rc=1.8, radial velocity of translating 
tornadoes decreases near the ground plane in both experimental and numerical simulations and 
profiles show a good agreement in their trend. For translating tornadoes at r/rc=3.6, radial 
velocity increases in the laboratory tornado, while decreases in the numerical simulation. This 
may cast doubt on the accuracy of ground relative motion in simulation of translating 
tornadoes, at least at large radial distances. In the numerical simulation, effect of translation 
damps out, at about z/zc≈4 at both radial distances, which confirms Liu and Ishihara’s (2016) 
speculation that, simulation of translating tornadoes by ground relative motion may not be 
valid at high elevations above the ground plane. 
There are two weaknesses in the comparison between the numerical simulation and 
laboratory results: (a) Numerical profiles are spatially averaged over 12 angles around the 
tornado center, while experimental results are averaged over 2 angles only, and (b) Swirl ratios 
do not match between the two simulations (Sinlet=3.8 for Liu and Ishihara 2016 and Svane=0.86). 
To observe effects of translation on tornado flow field, contours and streamlines of 
horizontal velocity (combination of radial and tangential velocities) for translation speed of 
0.5m/s at 6 different horizontal planes at different heights are shown in Fig. 3.9. The simulated 
translating tornado with larger translation speed is considered, since it is closer to the range of 
translation speeds in the field. Comparing Vθ.c=10.8 m/s to the range of velocities in EF3 
tornadoes (61 m/s to 75 m/s) results in translation speeds of Vt=0.15m/s and Vt=0.50m/s to 
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scale up to 0.85 m/s to 1.04 m/s and 2.82m/s to 3.47 m/s, respectively. The low end of measured 
translation speed in the field is 2-3 m/s, citing an example of 2.2 m/s observed for the 
Manchester, South Dakota, 2003, F4-tornado (Karstens et al., 2010). 
 
 
 
(a) z/zc=0.25 (b) z/zc=0.5 
 
 
(c) z/zc=1 (d) z/zc=2 
 
 
(e) z/zc=3.5 (f) z/zc=5.5 
 
Figure 3.9 Contours and streamlines of normalized horizontal velocity (Vh/Vθ.c) for 
the translating tornado with Vt=0.5m/s  
 
 
In Fig. 3.9, maximum horizontal velocities (Vh.max) are moved toward negative x/rc and 
y/rc at all heights, compared to those of the axisymmetric stationary tornado that exhibit an 
axisymmetric ring of maximum velocity around the tornado center. Asymmetry in velocity 
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magnitude of the translating tornado is more pronounced in the y direction. Velocity contours 
in Fig. 3.9 are similar to the numerical results of Natarajan and Hangan (2012), who found that 
local maximas are locations of secondary vortices. In their numerical simulation, swirl ratio, 
taken to be 1, was defined at the inlet of the model, comparing closely to the Svane value of 0.86 
in this study. The difference with that study is that local maximum velocities occurred on the 
left side of the tornado center, while in the current study it occurred on the right side; the 
possible underlying reason behind this difference is the difference in the direction of the inlet 
tangential velocity. In the numerical study of Natajan and Hangan (2012) contours of tangential 
velocity are shown, that match better with Fig. 3.9 at higher elevations (z/zc≥2), where the 
contribution of radial velocity is much smaller and horizontal velocity is closer to the tangential 
velocity 
In Fig. 3.10, maximum horizontal velocities as a function of height are compared 
between th two translation speeds of Vt=0.15m/s and Vt =0.5m/s. These maximums are 
extracted from the analysis of all time histories at each height. Increase in translation speed 
reduces Vh.max at all measured heights. Peak Vh.max at both translation speeds occurs at z/zc=0.38, 
lower than zc, the height at which Vθ.c occurs, which is the result of occurrence of significant 
radial velocity very close to the ground plane. Peak Vh.max for Vt=0.15m/s is 9% larger than the 
corresponding peak for Vt =0.5m/s. 
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Figure 3.10 Effect of translation speed on maximum horizontal velocity. 
 
 
3.4. Conclusion 
In this paper, effects of translation on near-ground wind field of tornadoes were 
examined by simulating a translating tornado by a laboratory tornado simulator that can move 
over a ground plane. The effects of the translation on horizontal velocity components were 
observed and compared with the parent stationary tornado. Flow field of the simulated 
stationary tornado showed similarity with radar-derived velocities of field tornadoes, with peak 
radial velocity occurring at very low elevations close to the ground (< 40m). Specific 
normalized profiles of radial and tangential velocities of a stationary tornado were compared 
with those observed in previous radar-derived field and numerical studies and found to be 
similar. Compared with the flow field of a stationary tornado, the simulated tornado with 
translation had an influence on the spatial distribution and magnitude of the horizontal 
velocities, early reversal of the radial inflow, and expansion of the core radius. The implication 
of an increase in core radius is that it increases the regions of high velocities and minimum 
pressure drops along normal to the translation direction, and duration of large velocities and 
minimum pressure drops in the translation direction, both increasing the possibility of damage. 
Comparison of vertical profiles of radial velocities for translating tornadoes, between the two 
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approaches of relative motion of the ground plane and translation of the tornado simulator, 
showed good agreement in trends at smaller radial distances to the tornado center, while a 
mismatch in behavior at larger radial distances. In numerical simulation of translating tornado 
using the relative motion of the ground plane, as in a previous study (Liu and Ishihara, 2016), 
profiles of radial velocities for stationary and translating tornadoes coincide and effect of 
translation vanishes at elevations higher than z/zc=4. In the current study, at a larger radial 
distance of r/rc=3.6, profiles of radial velocity for a translating versus a stationary tornado 
show a significant difference at all elevations except z/zc=1. This comparison casts a doubt on 
the accuracy of relative motion of the ground plane in simulation of a translating tornado flow 
field. Finally, it was observed that increase in translation speed resulted in a decrease in 
maximum horizontal velocities at all heights. 
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CHAPTER 4.    EFFECTS OF GROUND ROUGHNESS ON NEAR-SURFACE FLOW 
FIELD OF TORNADO-LIKE VORTEX 
Submitted to Experiments in Fluids 
 
Alireza Razavi, Wei Zhang and Partha P. Sarkar 
 
Abstract 
Roughness of a terrain is an important parameter that influences the near-ground flow 
field of tornadoes. In this study, both stationary and translating tornado-like vortices were 
simulated in a laboratory to investigate the influence of ground roughness on their flow fields. 
The near-ground flow fields, over the smooth and rough terrains, were studied using a mini 
version (1:3-scale) of the ISU Tornado Simulator and a 2D-PIV system for a stationary tornado 
and using the ISU Tornado Simulator and a pressure-based anemometer for a translating 
tornado. Main goal of this study is to examine the influence of ground roughness on tornado 
flow field. The results show that, for the stationary tornado, the flow regime transitioned from 
a multi-celled core structure over a smooth terrain at a higher swirl ratio to a single or dual-
celled core structure over the rough terrain. A significant decrease in tangential velocity and 
core radius, and an increase in vertical and radial velocities and turbulent kinetic energy near 
the center of the tornado were also observed. For the translating tornado, ground roughness 
reduced the core radius, increased the radial velocity toward the center of rotation, and moved 
the location of the maximum horizontal velocity toward the front side of the tornado center 
close to the ground. There was a decrease in local or corner flow swirl ratio in both stationary 
and translating tornadoes for the rough terrains compared with the smooth one. 
Keywords:  Boundary Layer; Ground Roughness; Laboratory Tornado Simulator; Particle Image 
Velocimetry (PIV); Tornado-like Vortex 
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4.1. Introduction 
The flow field of a tornado is extremely complicated in that the dimensions and 
intensity of tornado vortices vary widely, and they are influenced by several correlating factors 
such as swirl ratio (S), radial Reynolds numbers, translation speed, ground roughness and 
topography (Church et al., 1979; Lewellen 1993; Matsui and Tamura 2009; Natarajan and 
Hangan 2012; Liu and Ishihara 2016; Razavi and Sarkar 2016; Razavi and Sarkar 2018). From 
an engineering point of view, tornado flow is of particular interest in the near-ground region 
where most buildings and civil structures are located. Previous studies have indicated that the 
most intensified inflow occurs in the lowest elevations at about 10-20 m above ground level 
(Bluestein and Pazmany 2000; Lee and Wurman 2005; Sarkar et al. 2005, Zhang and Sarkar 
2012). Although Doppler radar provides valuable velocity data of field tornadoes, results are 
questionable in the low-level region near the ground (Haan et al. 2008). The effect of the 
ground-surface roughness on the flow structure of tornadoes is challenging to study due to the 
complex interaction between the terrain roughness and the vortex boundary layer (Lewellen et 
al. 1997). Additionally, tornadoes often travel horizontally along with the parent thunderstorm 
which will be referred here as translation. It has been observed that the translation of tornadoes 
significantly influences the tornado flow field (Diamond and Wilkins 1984; Lewellen et al. 
1997; Natarajan and Hangan 2012; Liu and Ishihara 2016).  
Laboratory tests, field observations, and numerical simulations have been performed 
to study the influence of surface roughness and translation on static pressure and velocity 
distributions of tornado-like vortices (Dessens 1972; Leslie 1977; Lewellen and Sheng 1979; 
Diamond and Wilkins 1984; Monji and Wang 1989; Lewellen et al. 1997; Lewellen et al. 2000; 
Natarajan and Hangan 2012; Lewellen 2014; Liu and Ishihara 2016). In spite of the valuable 
insights into the tornado-like flows which was gained from these works, contradictory 
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observations have remained about the influence of surface roughness on the size of the tornado-
vortex core and the maximum tangential velocity for a given terrain, which calls for further 
investigation. It is not fully verified if there is an agreement between the results from the 
influence of roughness in the Ward-type simulators and the ISU tornado simulator that operate 
on different principles. Dessens (1972) and Matsui and Tamura (2009) found that the increase 
in the surface roughness increases the core radius and decreases the maximum tangential 
velocity. This conclusion contradicts the one by Zhang and Sarkar (2008) where they found 
that the introduction of the roughness decreases the core radius. Liu and Ishihara (2016) 
observed that the competition between two factors of turbulence and the ratio of the angular to 
radial momentum (large-scale swirl ratio) determines if the core radius of a tornado increases 
or decreases on a rough terrain. It is also worth to note that past studies have rarely considered 
the concurrent effects of roughness and translation except for the numerical studies by 
Lewellen et al. (2000), Lewellen (2014) and Liu and Ishihara (2016). Lewellen et al. (2000) 
numerically studied the practicality of large-field swirl ratio as suggested by Church et al. 
(1979) in determining tornado-core structure and found inaccuracies in doing so. Therefore, 
they defined a parameter “local or corner flow swirl ratio” and showed that it can determine 
the core structure more accurately. In its definition, it relates core radius, far-field circulation 
and depletion of angular momentum, where effects of different conditions such as surface 
roughness can be seen in depletion of the angular momentum. Lewellen (2014) observed that 
roughness blocks have very small effect on the tornado vortex when these are located at a much 
larger distance from the tornado centerline than the tornado core radius, whereas their effects 
on the tornado vortex become greater, particularly in a rapidly translating tornado with a small 
core radius, when the roughness blocks are large or these are located on the right side of the 
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tornado mean path. It was also observed that presence of roughness blocks often decreases the 
corner swirl ratio and increase the near-surface intensity of tornadoes. 
In this paper, the near-ground flow fields of a stationary tornado, over both smooth and 
rough ground surfaces were studied using a mini version (1:3-Scale) of the Iowa State 
University Tornado Simulator (Mini ISU-TS). Two orthogonal views (horizontal and vertical) 
enabled visualization of the three-dimensional (3D) flow structure and measurement of three 
velocity components of the tornado-vortex by a two-dimensional particle image velocimetry 
(2D-PIV) technique. This was followed by investigation of the effects of the ground roughness 
on the near-ground flow field of a translating tornado by using the full-scale Iowa State 
University Tornado Simulator (ISU-TS). For the current study, following objectives were 
defined: (a) understanding the effects of the ground roughness on the flow fields and vortex 
topographies of a stationary tornado and a translating tornado, and b) investigate the role of 
turbulence in the interaction of tornado vortex with the surface. Main difference of this study 
with previous ones is the configuration of the tornado simulator and approach used in the 
simulation of translating tornadoes. This study seeks better understanding of the near-ground 
tornado-like flow field and eventually facilitates better assessment of tornado-induced loads 
on civil structures. 
 
4.2. Experiments 
4.2.1. Tornado Simulation 
Both the Mini ISU-TS and the ISU-TS simulators work through the mechanism of 
rotating forced downdraft (RFD). The ISU-TS (Sarkar et al. 2003, Haan et al. 2008), shown in 
Figs. 4.1-4.2, is a unique facility for generating a stationary or translating tornado-like vortex 
(0.46 m to 1.12 m maximum core diameter – distance between maximum tangential speeds on 
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both sides of tornado center) with maximum tangential velocities ranging from 6.9 to 14.5 m 
s-1. It simulates a tornado-like vortex by producing a strong region of updraft, surrounded by 
a spinning tube of air that descends toward the ground. Updraft is generated with a 1.83 m-
diameter fan mounted inside a circular duct that is concentric with respect to a down-flow duct 
of 5.49 m in diameter. The fan duct and down-flow duct are suspended from an overhead crane 
(4500 kg) so that they can move along a 10.4 m long by 6.1 m wide ground. The simulated 
tornado can move along the ground plane by translating the entire fan/downdraft-producing 
mechanism. It generates vortices that can translate horizontally at speeds of up to 0.61 m s-1 
that makes it different from all the earlier Ward-type simulators. The Mini ISU-TS (Fig. 4.3) 
is a 1:3 scaled (geometric) version of the ISU-TS that was built to overcome the difficulty of 
visualizing the full vortex in the ISU-TS simulator where the size of the vortex generated is 
too large for the field of view of the PIV system to make a high-resolution measurement. This 
1:3 scaled tornado simulator was used to examine in detail the near-ground flow structure with 
respect to various swirl ratios (Zhang and Sarkar, 2009).  
The most important parameter determining the structure of tornadoes is swirl ratio, S, (Church, 
et al. 1979) defined as Svane=tanθ/2a (Leslie 1977; Matsui and Tamura 2009), where Svane is 
the large-field swirl ratio defined at the radial location of the vanes, θ is the vane angle relative 
to the radial axis toward the axis of symmetry of the simulator and a is the aspect ratio defined 
as a=h/r0, where h and r0 are the inlet height and the radius of the fan, respectively (Fig. 4.1). 
It should be noted that while Church et al. (1979) observed the importance of large-field swirl 
ratio in determining  the tornado flow structure, Lewellen et al. (2000) found that local or 
corner flow swirl ratio is a more accurate parameter in doing so as it also considers the 
depletion of angular momentum and far-field circulation, accounting for the influence of 
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different mechanisms and geometries of tornado simulators in simulating tornado-like vortex 
flows and conditions such as ground surface roughness.  Primary control parameters that are 
used to simulate stationary tornadoes in both simulators are summarized in Table 4.1. Since 
the aspect ratio for the Mini ISU-TS was kept constant and less than that of the ISU-TS, the 
vane angle for the ISU-TS was adjusted to be 10 degrees larger than that of the Mini ISU-TS 
to match the two swirl ratios as closely as possible. “When comparing the results from two 
tornado simulators with different mechanisms and geometries, it should be noted that large-
field swirl ratio as defined on the basis of vane angle alone may not result in the same tornado-
flow structure, and hence one-to-one comparison of the results may not be fully warranted. To 
simulate a translating tornado, ISU-TS was translated above the ground plane at speed of 0.50 
m s-1. In this mechanism, interaction of ambient still room air with the inflow boundaries of 
the simulator results in relative intensification of inflow at the front side and weakening of the 
inflow at the rear side of the tornado simulator. This mechanism is different from previous 
studies where surface friction was the only parameter generating changes in the flow field. 
 
4.2.2. Ground Roughness 
Ground roughness elements made out of styro-foam blocks for the Mini ISU-TS and 
wooden blocks for the ISU-TS were used to simulate the rough ground surface. Arrays of 
roughness elements, designated as rough I and rough II, comprised of 0.038 m cubes with 
center-to-center intervals of 0.152 m (Fig. 4.2) and of 0.013 m cubes with center-to-center 
intervals of 0.051 m (Fig. 4.3), respectively. The effective roughness length (z0) for various 
roughness elements was estimated using a formula proposed by Lettau (1969): z0=0.5h*s/S, 
where h* is the effective obstacle height, s is the silhouette area of the average obstacle, and S 
is the specific area; S=A/n for n roughness elements over an area of A. The effective roughness 
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lengths of rough I and rough II were 1.2 mm and 0.4 mm, respectively. Rough II elements were 
used in the Mini ISU-TS and rough I elements were used in the ISU-TS. Since the ISU-TS is 
three times larger than the Mini ISU-TS, cube dimension and center-to-center interval of rough 
I elements are three times those of the rough II elements to get an equivalent roughness length 
(i.e. 1.2 mm). This would represent a low-density suburban terrain in the field with an 
equivalent roughness length of 0.12-0.24 m if a 1:100 to 1:200-scale is assumed for ISU-TS 
(1:300 to 1:600-scale for Mini ISU-TS).  
Table 4.1 Control parameters of the ISU Tornado Simulators. 
Controlling parameter Mini ISU-TS ISU-TS 
Vane angle (θ) 45o 55o 
Inlet height (h) 0.15 m 0.76 m 
Fan radius (r0) 0.31 m 0.91 m 
a 0.50 0.84 
Svane 1.00 0.86 
 
 
Figure 4.1 Schematic illustration of the ISU Tornado Simulator. 
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4.2.3. Measurements 
Measurement methods for stationary and translating tornadoes are explained in this 
section. For all methods, positive radial velocity component is toward the center of rotation 
and positive tangential velocity component is counter clockwise. 
4.2.3.1. Flow Visualization and Measurement Using PIV Technique 
Figure 4.3 shows a schematic diagram of the PIV experimental setup. For the Mini 
ISU-TS, a smooth ground of fully transparent acrylic material was used to obtain the particle 
images from the bottom view. Three near-ground horizontal planes at elevations of z=11, 26, 
and 53 mm, corresponding to 3.3 m, 7.8 m, and 15.9 m above ground in the field, and 0.9, 2.1 
and 4.2 times of the height of the roughness blocks and the meridian plane of the vortex, were 
selected as the representative measurement planes. The flow field was measured by a dual-
head Nd:Yag laser (New Wave) providing a pulse energy of 120 mJ at λ=532 nm. The flow 
was seeded by atomized olive oil particles with a mean diameter of 1-3 µm, and the laser beam 
was transformed into a thin light-sheet (0.5-1 mm) to illuminate the tracer particles. A mounted 
CCD camera (1280 pixel × 1024 pixel, Flowmaster 3) with a Nikon 50/1.8 lens was used to 
capture particle images at a frame rate of 8Hz. The particle images were evaluated using a 
multi-grid method and a final interrogation window of 32 × 32 pixels (6.25 mm × 6.25 mm) 
with 50% overlapping (Davis 6.2.2, LaVision). The mean velocity field was obtained by 
ensemble-averaging 500 - 1000 instantaneous velocity fields. The Vx and Vy velocity 
components in the horizontal planes were first calculated and ensemble-averaged in Cartesian 
coordinates (x-y-z), then transformed into polar coordinates to better understand the features 
of the tornado-like vortex flow. The radial and tangential velocity components were calculated 
using Eqs. 4.1 and 4.2:  
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       (4.1) 
      (4.2) 
 
where x’, y’ are the transformed Cartesian coordinates with the vortex center as the origin. It 
was noted by some investigators (Church and Snow 1993; Lund and Snow 1993) that the 
effects of vortex wandering needs to be accounted for processing and analyzing the measured 
data.  In Zhang and Sarkar (2012), instantaneous velocity fields from PIV measurements were 
used along with a data reduction method to compare the results with those from an ensemble-
averaged approach to determine the effect of vortex wandering on the measured parameters. It 
was shown that the vortex wandering effect on the ensemble-averaged parameters such as 
maximum velocity and core radius is insignificant (<3% for Vθmax and < 4% for vortex core 
radius) for high-swirl-ratio tornado case as in this paper but significant (~15% for Vθmax and 
18-29% for vortex core radius) for low-swirl tornado case. Therefore, there was no correction 
applied to the estimated parameters obtained from the ensemble-averaged data for vortex 
wandering. 
 
Figure 4.2 Uniform distribution of roughness blocks (rough I) on the ground of the ISU 
Tornado Simulator.  
1 1cos(tan ( '/ ')) sin(tan ( '/ '))r x yV V y x V y x
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Figure 4.3 Schematic diagram of the PIV measurement set-up with the illuminated plane 
parallel to the ground in a 1:3-scaled model simulator (Mini ISU-TS). 
 
4.2.3.2. Velocity Measurement Using an 18-hole Omni-probe 
For the velocity measurements in ISU-TS, DANTEC’s 18-hole Omni-probe (a 
pressure-based velocity probe) with a cone view angle of ±165 degrees (Haan et al. 2008) was 
used; this was necessary for flow measurement of translating tornadoes with constant change 
in flow direction as flow passes over the probe. The Omni-probe was placed at several locations 
(Fig. 4.4) along the lateral direction (y), normal to the translating direction of the tornado (x), 
and three sets of velocity time histories were recorded at a sampling frequency of 200 Hz at 
each of these locations at three heights (z) and then ensemble-averaged. Selected heights (z) 
were 50.8 mm, 101.6 mm, and 177.8 mm, scaled up to ~5 m, ~10 m and ~18 m above the 
ground in the field, and 1.3, 2.7 and 4.7 times the height of the roughness blocks, respectively. 
Lateral locations (y) of the Omni-probe on the smooth ground, 15 in total, were 0, ±130 mm, 
±250 mm, ±380 mm, -510 mm, ±640 mm, ±890 mm, ±1140 mm and -1400 mm. For the rough 
ground case, four more lateral locations at -51 mm, -102 mm, -203 mm and -305 mm were 
added on the right side of the tornado center (counter-clockwise rotation from the top) where 
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maximum horizontal velocities were observed during the initial measurements, resulting in 
total of 19 measurement points in the y direction. Total numbers of measured times histories 
were 135 (15 lateral locations × 3 heights × 3 repetitions for ensemble averaging) and 171 (19 
lateral locations × 3 heights × 3 repetitions for ensemble averaging) for the translating tornado 
on the smooth and rough ground, respectively. In this study, all our results of radial and 
tangential velocity components for the translating case are with respect to the shifted center of 
rotation that was calculated from the extracted streamlines of horizontal velocity components 
at each elevation from the point measurements. For all cases (stationary and translating 
tornado, smooth or rough ground) reported velocities are relative to the ground. The statistical 
consistency for the velocity measurements between the three data runs were examined by 
calculating the ratio of the standard deviation of the point measurements from the three data 
sets to the ensemble-averaged measurements of the total velocity for the translating and rough 
case at the three elevations reported in Figs. 4.1-4.3. The ratio was under 10% for most regions 
of the velocity field outside the tornado core, whereas it was ~30% on an average at the lowest 
elevation and ~20% at higher elevations for the region inside the tornado core within half a 
core radius from the tornado center. The larger ratio within the core region close to the center 
is because the velocity in this region is small and standard deviation is large because of high 
turbulence inside the core region. Thus, larger uncertainties in the ensemble-averaged velocity 
is expected close to the center because these are small values. The uncertainty in the ensemble-
averaged velocities outside the region close to the center including the maximum horizontal 
velocity should be small (~10% or less). 
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Figure 4.4 Position of probe in y direction to record velocity components of the translating 
tornado. 
 
4.3. Results and Discussion 
4.3.1. Stationary Tornado 
The results presented in this section are from the Mini ISU-TS. Figure 4.5 shows a 
typical instantaneous velocity vector field on both smooth and rough II grounds. It can be 
observed that the flow on the smooth ground is characterized by multi-celled vortices (Fig. 4.5 
(a), view from the bottom up). At this particular time instant, five or more small secondary 
vortices rotating within the primary vortex can be seen. Contours of the axial velocity (Fig. 4.8 
(c)) supports this observation, showing that downdraft reaches the ground around the center. 
These multi-celled vortices were similar to the suction vortices reported by Fujita et al. (1976). 
On the rough II ground, single-celled vortex became the dominant flow structure; as shown in 
Fig. 4.5 (b), where the downdraft does not reach the ground (Fig. 4.8 (d)). It can be seen in Fig. 
4.6 (b) that radial flow reaches the tornado center so there would be updraft at the lowest 
elevation as reported. Comparisons of instantaneous flow indicates that roughness caused the 
flow regime to undergo a transition from a multi-celled vortex structure on the smooth ground, 
for a given high swirl ratio, to a single-celled vortex that is associated with a tornado-like 
vortex of lower swirl ratio. It seems that surface roughness helped to transform a disorganized 
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high-swirl flow into an organized low-swirl flow. A similar decrease in local swirl ratio close 
to the core region was also observed by Leslie (1977) and Natarajan and Hangan (2012). 
Lewellen et al. (2000) also formulated the local or corner-flow swirl ratio and showed that 
increase in ground roughness increases the depletion of angular momentum that decreases the 
corner-flow swirl ratio and facilitates transition of core structure towards a low-celled tornado. 
 
Figure 4.5 Typical instantaneous radial and tangential velocities with streamlines overlaid in 
the lowest horizontal plane (z=11mm) on (a) smooth ground, and (b) rough II ground. 
 
To identify the underlying reasons for this transition of flow regime, radial profiles of 
horizontal velocity components (tangential and radial velocities) at three elevations were 
examined (Fig. 4.6). It can be clearly seen in Fig. 4.6 that the magnitude of maximum tangential 
velocity is 10.11 m s-1 at z=11 mm, 9.33 m s-1 at z=26 mm and 8.58 m s-1 at z=53 mm, i.e., 
gradually decreasing with increase in elevation over the smooth ground. Furthermore, the core 
radius increased from 76.6 mm to 96.5 mm and finally to 110.6 mm at three elevations, 
indicating a funnel shape. Over the rough II ground, the magnitudes of maximum tangential 
velocities were 7.96 m s-1, 8.28 m s-1, and 7.01 m s-1 at heights of z=11, 26 and 53 mm and 
radial distances of r=55.33 mm, r=63.06 mm and r=86.95 mm, respectively. These results 
show that both the magnitude of maximum tangential velocity and core radius decreased with 
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increase in surface roughness that were also found by other researchers (Natarajan and Hangan 
2012; Liu and Ishihara 2016). A decrease in the magnitude of maximum tangential velocity 
was also observed by Dessens 1972, and in his study the core radius increased on the rough 
ground, in agreement with the study by Natarajan and Hangan 2012 at low-swirl tornadoes 
(S=0.28, S=0.50). For S=1, Natarajan and Hangan 2012 observed a small decrease in core 
radius, while for S=2 the change in core radius close to the ground was negligible. Liu and 
Ishihara 2016 observed that the roughness increased the core radius except for low-swirl 
tornadoes, in contrast to the results of Natarajan and Hangan 2012. The underlying reasoning 
for this disagreement could be the conclusion by Liu and Ishihara 2016 that the tradeoff 
between two factors, the ratio of the tangential to radial momentum and magnitude of the 
turbulent intensity, controls the resulting change in core radius over a rough ground. Roughness 
decreases both the ratio of the tangential to radial momentum and the core radius as a result of 
lowering of the local swirl ratio around the core region, while turbulence intensity increases 
the core radius. It should be noted that forced pressure boundary condition imposed by the fan 
at the outflow in the tornado simulators couples with the tornado core that would affect its size. 
Thus, the influence of the boundary conditions on the simulated flow should be discounted 
when comparing results with real tornadoes. 
In Fig. 4.6 (b), the intersection of the radial velocity profile with Vr=0 occurs at r=70 
mm, 85 mm, and 120 mm at the three elevations z=11 mm, 26 mm, and 53 mm, respectively, 
revealing flow that features an expanding radial outflow with an increase of elevation over the 
smooth ground. It can be seen in Fig. 4.6 (b) that the radial velocity profiles followed a different 
trend over the rough II ground. Essentially zero outflow is visible at z=11 mm, and the radial 
inflow showed similar magnitudes of maxima as for the smooth case. The radial outflow is 
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visible again at z=26 mm and 53 mm, both with a higher maximum value than that for smooth 
ground. The intersection with Vr=0 is at r=50 mm and 85 mm, closer to the vortex center 
compared to that for the smooth case. 
 
Figure 4.6 Radial profiles of (a) tangential and (b) radial velocities, at three elevations 
(z=11, 26 and 53 mm) on the smooth ground, and rough II ground. 
 
 
Figure 4.7 Velocity flow field in horizontal planes at three elevations (z=11, 26 and 53 mm) 
above the (a) smooth and (b) rough II ground. 
 
Figure 4.7 shows the ensemble-averaged horizontal velocity fields at three elevations 
(z=11 mm, 26 mm, and 53 mm) on the smooth ground and rough II ground. The arrows 
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represent velocity vectors in the measured plane and the color code reflects variation in 
horizontal velocity magnitude ( ). The flow shows an overall axisymmetric pattern 
for all cases. For both smooth and rough II ground, the horizontal velocity increases to its 
highest value at a certain distance from the vortex center, where the velocity is close to zero, 
as observed in Fig. 4.7.  
 
 
 
Figure 4.8 Radial and axial velocity contours in the meridian plane above the smooth ground 
((a) and (c)) and rough II ground ((b) and (d)). 
2 2= +h rV V Vq
 100 
The magnitude of the horizontal velocity also decreased with height in both cases. The 
central area with lowest velocity magnitudes becomes considerably smaller over the rough 
ground. With the rough II ground, the maximum horizontal velocity decreased by 15% 
compared to that over the smooth ground in the lowest measured horizontal plane (z=11 mm). 
This is likely due to friction induced by ground roughness that depletes more angular 
momentum (Kosiba and Wurman 2010).  
The ensemble-averaged velocity field in the meridian plane (r-z plane) was measured 
over the smooth and rough II ground (Fig. 4.8). On the smooth surface, two regions with high 
radial velocity (Vr) were observed: one is a strong radial inflow (Vrmax=3.5 m s-1) moving into 
the core above the surface, and the other is the outflow (Vrmax = -1.56 m s-1), as evidenced by 
the oval-shaped contours with blue color at z=10-20 mm (Fig. 4.8 (a)). This intensified radial 
flow adjacent to the surface agrees with the observations mentioned in Sarkar et al. (2005) and 
Lee and Wurman (2005) stating that the strongest inflow was located in the lowest tens of 
meters above the ground. At greater distances from the smooth ground at higher elevations, 
the radial velocity gradually decreased. On the Rough II ground (Fig. 4.8 (b)), the outflow 
region with high radial velocity magnitudes evidently lifted up, although the radial inflow 
remained about the same magnitude (around 3.5 m s-1) compared to that of the smooth ground. 
Furthermore, a central downdraft jet, observed in both cases, reached the surface in the smooth 
case but didn’t for the rough case; in fact, a weak central updraft is visible on the rough II 
ground.  
On the smooth ground, there was a region of updraft with high magnitude (Vzmax=3.32 
m s-1) of vertical velocity at heights between z=50-150 mm outside the vortex core (Fig. 8 (c)). 
At the vortex center, the downdraft jet also had a relatively high vertical velocity magnitude 
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(Vzmax=1.7 m s-1), and the vertical velocity decreased at the vortex center as the elevation 
decreased. For the rough II ground, the vertical velocity distribution showed two distinct 
features (Fig. 4.8 (d)). First, the region with the large axial velocity (updraft) moved closer to 
the vortex center and downwards toward the surface (at z=40 mm and r=40 mm). The 
maximum vertical velocity was 5.50 m s-1, about 66% higher than that of the smooth ground.  
Dessens (1972) observed the same phenomenon that maximum updraft moves toward the 
center of the tornado and its maximum value significantly increases. Secondly, the region of 
downdraft jet with high negative vertical velocity moved upward and shrunk to a smaller area, 
corresponding to an effect similar to reduction in swirl ratio, as also observed in previous 
studies (Leslie 1977; Natarajan and Hangan 2012). The characteristics of the radial and vertical 
velocity distribution shown in Fig. 4.8 indicate that roughness increases the maximum values 
of both the radial and vertical velocities, the region of maximum radial velocity moves upward, 
and the region of maximum vertical velocity moves downward and closer to the vortex center. 
  
(a) Smooth ground (a) Rough II ground 
Figure 4.9 Horizontal TKE (  ) distribution in the horizontal planes at three 
elevations (z=11, 26 and 53 mm) at θv=45º on the smooth and rough grounds.   
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In Figure 4.9, contours of Horizontal Turbulent Kinetic Energy (TKE) estimated using 
the radial and tangential velocity fluctuations at three elevations of z = 11, 26 and 53 mm on 
smooth and rough ground are illustrated. Over the smooth surface, horizontal TKE contours 
display an annulus pattern at each elevation, with the maxima at a certain distance away from 
the vortex core center where low horizontal TKE is dominant. The high-magnitude TKE is 
attributed to multiple vortex structures formed near the smooth ground as shown in Fig. 4.5a.  
In addition, horizontal TKE is substantially decreased with increasing elevation, corresponding 
to reduced vortex-surface interaction away from the ground.  Distinctively different from the 
smooth case, horizontal TKE increases significantly in magnitude and distribution over the 
rough ground. It is observed that the annulus or ring pattern disappears at the two lower levels 
and transitions to a concentrated region at the vortex center. The strong turbulent flows at the 
two lower levels can be related to complicated interactions between large-scale tornado-like 
vortex with the extruded blocks (roughness elements), which are expected to create corner 
vortices in between cubes and separated flow around blocks. This flow complexity is reduced 
when moving away from the rough surface, yielding much less intensive horizontal TKE at 
the elevation of z = 53 mm. Comparison of the horizontal TKE distribution on smooth and 
rough ground surfaces clearly reveals that at the same height of the vortex, flow within the core 
becomes more turbulent with roughness. The horizontal TKE distribution for a tornado-like 
vortex on rough ground looks similar to that on smooth ground at low swirl ratio (Zhang and 
Sarkar 2012), i.e. flow is most turbulent in the vortex core and turbulence gradually decreases 
with increasing distance from the vortex center. A question naturally arises about how 
significant the vortex wandering is over a rough surface, which may also cause TKE change, 
in view of the flow transition from high-swirl-ratio (for rough surface) to a seeming low-swirl-
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ratio case (for smooth surface). This result calls for a potential evaluation of near-ground 
“vortex wandering” on turbulence statistics under the coupled roughness and swirl ratio effects 
in such tornado simulators.  
In Figure 4.10, contours of radial-axial TKE (estimated with the radial and axial 
velocity fluctuations) on a meridian plane are compared for smooth and rough surfaces. The 
maximum value of radial-axial TKE is almost doubled for the rough ground case in comparison 
to the smooth case, consistent with the trend of the horizontal TKE distribution. Also, the 
region with high radial-axial TKE magnitude shifts closer to the vortex center for the rough 
ground, with the peak values occurring around the individual block located at the vortex center. 
This significant changes in both magnitude and peak location of the radial-axial TKE is 
correlated with the transition of tornado-like vortex structure, the complicated interaction with 
individual roughness elements and thereof induced vortices. 
  
(a) Smooth ground (b) Rough II ground 
 
Figure 4.10 Horizontal Radial-axial TKE (  ) distribution in the meridian plane at 
θv=45º on the smooth and rough grounds. 
)(
2
1 2'2'
zr VV +
 104 
4.3.2. Translating Tornado 
The flow fields of a translating tornado-like vortices over both smooth and rough 
ground surfaces measured in the ISU-TS are compared here. Two translation speeds, 0.15 m s-
1 and 0.50 m s-1, were selected to measure maximum horizontal velocity of resultant translating 
tornadoes in the flow field. Comparison of the maximum horizontal velocity of ~14 m s-1 for 
translating tornadoes with the velocity range of EF3 tornadoes (61 m s-1 to 75 m s-1) resulted 
in a velocity scale of 1/4.4 to 1/5.4, scaling the laboratory translation speeds of 0.15 m s-1 and 
0.50 m s-1 to 0.65-0.80 m s-1 and 2.2-2.7 m s-1 in the field. A tornado translation speed of 2.2 m 
s-1, which was observed for the F4 Manchester, South Dakota, tornado in 2003 (Karstens et al. 
2010) is at the lower end of the range of tornado translation speeds, justifying the use of a 
translation speed of 0.50 m s-1 in this study. 
In Fig. 4.11, radial profiles of radial and tangential velocities on smooth ground and 
Rough I ground in the translation direction (x-direction) were compared at three different 
heights. In Fig. 4.11 (a), translation seems to block radial inflow toward the core region from 
the front side of the tornado center and create a region of outflow (flow that moves away from 
the center).  With roughness, the radial flow gets modified significantly both in front of and 
behind the tornado center. Except for a small region at the center, the entire outflow region 
changed direction and became an inflow (moving toward the center) of significant magnitude 
(~8 m s-1), 29% larger than the maximum radial velocity on the smooth ground. This change 
was consistent at a higher elevation of 101.6 mm (Fig. 4.11 (c)) where roughness helps to 
remove the blockage of radial inflow on the front side of the tornado center that resulted from 
translation. At an elevation of 177.8 mm, the roughness effect was not as significant as its 
effect at lower elevations, and an outflow around the tornado center was observed (Fig. 4.11 
 105 
(e)). The location of outflow in Figs. 4.11 (a), 4.11 (c) and 4.11 (e) shows that center of 
downdraft is tilted in the x direction and not aligned with the center of rotation. In Fig. 4.11 
(b), the introduction of roughness resulted in a significant decrease in maximum tangential 
velocities on the front side (18%), behind the tornado center (24%), and at the core radius 
behind the tornado center (57%). At z=101.6 mm (Figs. 4.11 (d)), roughness increased 
maximum tangential velocities by 18% and 10% in front of and behind the tornado center, 
respectively, and reduced corresponding core radii by 49% and 37%, respectively. The 
roughness effect at 177.8 mm (Figs. 4.11 (f)) was insignificant.  
In Fig. 4.12, radial profiles of radial and tangential velocities on smooth and rough I 
ground in the direction lateral to the translation direction (y direction) were compared at three 
different heights. Since measurement in this direction is not continuous, the velocity 
magnitudes are plotted only at the discrete points of measurement. In Fig. 4.12 (a), similar to 
Fig. 4.11 (a), translation can be seen to block radial inflow into the core region from the left 
side of the tornado center.  With roughness, the radial inflow gets revived at z=50.8 mm and 
the outflow are eliminated. This effect was also obvious at the higher elevation of 101.6 mm 
(Fig. 4.12 (c)), while influence of rough I ground was insignificant at 177.8 mm (Fig. 4.12 (e)) 
and significant outflow, even larger than that on the smooth ground, was observed around the 
tornado center. It is clear from Figs. 4.12 (a), 4.12 (c) and 4.12 (e) that the center of downdraft 
is located on the left side of the translating tornado and not aligned with the center of rotation. 
The effect of roughness on tangential profiles (Figs. 4.12 (b), 4.412 (d) and 4.12 (f)) was the 
same as that for the translation direction (Figs. 4.11 (b), 4.11 (d) and 4.11 (f)). At the lowest 
elevation (Fig. 4.12 (b)), roughness decreased both core radius and maximum tangential 
velocities on both sides of the tornado center. At z=101.6 mm, the tangential velocity had larger 
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maximums on the rough I ground. At z= 177.8 mm, 7 times of the height of the roughness 
block, the effect of roughness on tangential velocity was negligible. 
 
 
 
Figure 4.11 Radial distribution of radial velocity (Vr) and its standard deviation at (a) 50.8 
mm, (c) 101.6 mm and (e) 177.8 mm elevations and tangential velocity (Vθ) and its standard 
deviation at (b) 50.8 mm, (d) 101.6 mm and (f) 177.8 mm elevations for a translating tornado 
in the translating direction (x-direction) on smooth ground and Rough I ground. 
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In Fig. 4.13, contours and streamlines of horizontal velocity at three different heights 
are shown for both smooth and rough I ground of the translating tornado. For both surfaces, 
the region of maximum horizontal velocities covers a larger area on the right side of the tornado 
center (facing the translating direction that is from left to right in the plots). It is shown that, at 
elevations of both 50.8 mm and 101.6 mm, roughness reduces core radius and relocates 
maximum horizontal velocities toward the front side of the tornado center. The effect of 
roughness at a higher elevation of 177.8 mm is insignificant. For a translating tornado on a 
rough I ground, an increase in elevation resulted in a more abrupt increase in core radius in 
comparison to that on the smooth surface. Lewellen et al. 1997 observed that a region of 
maximum velocity is consistent with a region of maximum inflow. This is obvious in Figs. 
4.13 (a) and 4.13 (c), where it is shown that a region of maximum inflow located behind and 
to the right side of a translating tornado (Figs. 4.11 (a), 4.11 (c), 4.12 (a) and 4.12 (c)) is 
consistent with a region of maximum velocity. In Figs. 4.12 (b) and 4.12 (d), the region of 
maximum velocity has moved toward the front side of the tornado center and toward the right 
side of the translating tornado. This can be explained by changes in profiles of radial velocity 
in the x-direction (Figs. 4.11 (a) and 4.11 (c)). With roughness, the radial velocity is revived in 
the x direction, making it comparable on the front of and behind the center of tornado. This 
increase in previously-blocked inflow on the front side of the translating tornado on the smooth 
ground results in shifting of the location of maximum velocity toward the front side of the 
translating tornado on the rough ground. 
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Figure 4.12 Radial distribution of radial velocity (Vr) at (a) 50.8 mm, (c) 101.6 mm and (e) 177.8 mm 
elevations and tangential velocity (Vθ) at (b) 50.8 mm, (d) 101.6 mm and (f) 177.8 mm elevations for a 
translating tornado in the direction lateral to the translating direction (y-direction) on smooth and 
rough I ground. 
 
 
4.4. Conclusion and Future Work 
The near-ground flow field of laboratory simulated stationary and translating tornadoes 
were studied using a 2D-PIV technique and point velocity measurements with an Omni-probe. 
Effects of roughness on the vortex topography and velocity distribution were examined.  
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Introduction of roughness resulted in the growth of a boundary layer along the radial 
direction toward the axis of symmetry of the stationary tornado and also intensified the radial 
velocity for stationary tornado at all examined elevations. For the translating tornado, effect of 
roughness on radial velocity at all examined elevations except z=177.8 mm (4.7 times the 
height of the roughness blocks) is significant. Radial inflow which transferred the angular 
momentum toward the tornado center, reached its maximum at smaller radial distances to the 
center of the tornado, thus, relocated the core radius to smaller radial distances from the tornado 
center. This observation, though different from some previous studies, is aligned with the 
conclusion by Liu and Ishihara (2016) that the competition between two factors, the ratio of 
the tangential to radial momentum and the magnitude of turbulence intensity, results in either 
expansion or reduction of the core radius on a rough terrain. The first factor is the local corner-
flow swirl ratio that decreases on a rough ground and thereby results in reduction of the core 
size of the tornado. The second factor is turbulence intensity that increases with roughness 
which results in expansion of the core size. In the current study, while the turbulence intensity 
was almost doubled, it couldn’t dominate the swirl ratio effect, that resulted in a decrease in 
the core radius. This conclusion also depends on the boundary conditions of the simulator that 
would affect it. 
With the introduction of the rough terrain, the radial distance of the maximum vertical 
velocity, that is in between the updraft and downdraft regions, decreased from the center of the 
tornado, resulting in a transition from a higher-cell tornado to a lower-cell or a single-cell 
tornado. A strong correlation between the location of the maximum vertical velocity and the 
location of the maximum TKE which was almost doubled over the rough terrain was observed.  
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For the translating tornado, tangential velocity decreased at the lowest elevation, 
increased at mid-height, and remained constant at the highest elevation of the measurement 
domain. Reduction of the core radius for the translating tornado on the rough terrain was 
observed to be more pronounced closer to the ground-surface while negligible at higher 
elevation of seven or 7 times of the height of the roughness blocks. The location of the outflow 
(radial flow that moves away from the center of the tornado) for the translating tornado on the 
smooth ground that matches with the downdraft region, showed that the center of the rotation 
of the vortex is not aligned with the center of the downdraft region but rather located on the 
right side of the translation and behind the center of the downdraft. With the introduction of 
the roughness elements, the radial inflow that was blocked near the core region of the tornado 
due to its translation was revived and became more intense so as to reach closer to the tornado 
center. The region of the maximum horizontal velocity was observed to be consistent with the 
region of maximum inflow, since the inflow transfers angular momentum and, as a result, a 
region of maximum tangential velocity correlates with the region of maximum radial velocity, 
resulting in occurrence of maximum horizontal velocity (combination of radial and tangential 
velocity components). This result was consistent with the previous study by Lewellen et al. 
1997.  
This study sheds light on the influence of rough terrain on the flow field of stationary 
and translating tornadoes. Future investigations should put effort to quantify the effect of the 
translation speed and roughness length on the final structure of the tornado flow field for ranges 
of swirl ratio, translation speeds and roughness lengths. It would help to predict the tornado 
intensity for any combination of these key tornado characteristics in the field, letting the 
structural engineers improve the building codes accordingly. 
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Figure 4.13 Contours and streamlines of horizontal velocity (  ) for a translating tornado 
on smooth ground at (a) z=50.8 mm, (c) z=101.6 mm and (e) z=177.8 mm elevations and on rough I 
ground at (b) z=50.8 mm, (d) z=101.6 mm and (f) z=177.8 mm elevations. 
 
 
 
Acknowledgement 
This research was supported by grants from NOAA (Award Number 
NA06OAR4600230) and NSF (Award Number CMMI-1400251).  
2 2= +h rV V Vq
 112 
References 
Bluestein BH, Pazmany LA (2000) Observation of tornadoes and other convective phenomena 
with a mobile 3-mm wavelength Doppler radar: The spring 1999 field experiment, Bulletin of 
the American Meteorological Society 81: 2939-2951. 
Church CR, Snow JT (1993) Laboratory models of tornadoes. In: Church C, Burgess D, 
Doswell C, Davies-Jones R (eds) The tornado: its structure, dynamics, prediction, and hazards. 
American Geophysical Union, Washington, DC, pp 277–295 
Dessens Jr., J., 1972. Influence of Ground Roughness on Tornadoes. A Laboratory Simulation. 
J. Appl. Meteor. 11, 72-75. 
Diamond CJ, Wilkins EM (1984) Translation Effects on Simulated Tornadoes. J. Atmos. Sci. 
41(17): 2574-2580. 
Fujita TT (1976) Graphic examples of tornadoes. Bulletin of the American Meteorological 
Society 57: 401-412. 
Haan FL, Sarkar PP, Gallus WA (2007) Design, construction and performance of a large 
tornado simulator for wind engineering applications. Engineering Structures, doi: 
10.1016/j.engstruct.2007.07.010. 
Karstens CD, Samaras TM, Lee BD, Finley CA (2010) Near-ground Pressure and Wind 
Measurements in Tornadoes. Mon. Wea. Rev. 138: 2570-2588. 
Kosiba K, Wurman J (2010) The Three-dimensional axisymmetric wind field structures of the 
Spencer, South Dakota, 1998 Tornado. J. Atmos. Sci. 67: 3074-3083. 
Lee W, Wurman J (2005) Diagnosed Three-dimensional Axisymmetric Structure of the 
Mulhall Tornado on 3 May 1999. J. Atmos. Sci. 62: 2373-2393. 
Lettau H (1969) Note on aerodynamic roughness-parameter estimation on the basis of 
roughness-element description. Journal of Applied Meteorology. 8: 828-832. 
Lewellen WS, Sheng YP (1979) Influence of surface conditions on tornado wind distributions, 
in Preprints. 11th conference on severe local storms, American Meteorological society, Boston, 
Mass., 375-381. 
Lewellen WS (1993) Tornado vortex theory. In the Tornado: Its structure, dynamics, 
prediction, and hazards. American geophysical union, 19-39. 
Lewellen WS, Lewellen DC, Sykes RI (1997) Large-Eddy Simulation of a Tornado’s 
Interaction with the Surface. J. Atmos. Sci. 54(5): 581-605. 
Lewellen DC, Lewellen WS, Xia J (2000) The Influence of a Local Swirl Ratio on Tornado 
Intensification near the Surface. J. Atmos. Sci. 57: 527-544. 
 113 
Lewellen DC (2014) Local Roughness Effects on Tornado Dynamics. Local Roughness 
Effects on Tornado Dynamics. In 27th Conference on Severe Local Storms, Paper 15A, 6pp., 
Madison, WI, Amer. Meteor. Soc. 
Liu Z, Ishihara T (2016) Study of the effects of translation and roughness on tornado-like 
vortices by large-eddy simulations. J. Wind Eng. Ind. Aerodyn. 151: 1-24. 
Lund DE, Snow JT (1993) Laser Doppler velocimetry measurements in tornado-like vortices. 
In: Church C, Burgess D, Doswell C, Davies-Jones R (eds) The tornado: its structure, 
dynamics, prediction, and hazards. American Geophysical Union, Washington, DC, pp 297–
306 
Matsui M, Tamura Y (2009) Influence of incident flow conditions on generation of tornado-
like flow. In: Proceeding of the 11th American conference on wind engineering, Puerto Rico 
Monji N, Wang Y (1989) A laboratory investigation of the characteristics of tornado-like 
vortices over various rough surfaces. Acta Meteorol. Sin. 3: 506-515. 
Natarajan D, Hangan H (2012) Large eddy simulations of translation and surface roughness 
effects on tornado-like vortices J. Wind Eng. Ind. Aerodyn. 104-106: 577-584. 
Razavi A, Sarkar PP (2016) Laboratory investigation of the effect of tornado translation on its 
near-ground flow field. Proceeding of the 8th international colloquium on bluff body 
aerodynamics and applications, 7–11 June 2016, Northeastern University, Boston, 
Massachusetts, USA. 
Razavi A, Sarkar PP (2018) Laboratory study of topography effects on the near-ground tornado 
flow field. Journal of Boundary-Layer Meteorology, https://doi.org/10.1007/s10546-018-
0347-5. 
Sarkar PP, Kardell R, Haan FL, Gallus WA (2003) Design of ISU tornado vortex simulator. 
Proceedings of the Eleventh International Conference on Wind Engineering, Lubbock, Texas, 
June 2-5. 
Sarkar PP, Haan, FL, Gallus WA, Le K, Wurman J (2005) Velocity Measurements in a 
Laboratory Tornado Simulator and their Comparison with Numerical and Full-Scale Data. 
Proceedings of the 37th US-Japan Panel on Wind and Seismic Effects Joint Meeting, Tsukuba, 
Japan, May 16-18. 
Zhang W, Sarkar PP (2008) Effects of ground roughness on tornado like vortex using PIV. In: 
Proceedings of the AAWE workshop, Vail, CO. 
Zhang W, Sarkar PP (2012) Near-ground tornado-like vortex structure resolved by particle 
image velocimetry (PIV). Exp Fluids 52:479–493. 
 
 114 
CHAPTER 5.    TORNADO-INDUCED WIND LOADS ON A LOW-RISE 
BUILDING: INFLUENCE OF SWIRL RATIO, TRANSLATION SPEED AND 
BUILDING PARAMETERST 
Published in Engineering Structures (Elsevier) 
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Abstract 
Significant parameters that influence tornado-induced wind loads on low-rise buildings 
are yet to be fully explored. In the current study, the influence of tornado parameters such as 
swirl ratio and translation speed and building’s spatial parameters such as its distance from the 
tornado mean path and its orientation with respect to the tornado’s translation direction on 
tornado-induced wind loads are investigated. A low-rise gable roof building with a roof angle 
of 35 degrees and a square plan area is chosen for this study. Laboratory simulated tornadoes 
with two swirl ratios with different ground-surface pressure characteristics, and three 
translation speeds were used. The 1:200-scaled building model that was used for this study was 
located on both sides of the simulated tornado’s mean path at several locations up to the 
distance of several tornado-core radii. At locations where maximum loadings occurred, 
orientation of the building was changed to explore its effect on peak loads. Results show 
significantly larger peak load coefficients for the tornado with lower swirl ratio which were 
comparable to its peak ground surface pressure drop. Peak roof uplift on the building located 
at the tornado’s mean path is smaller by 6-19% for the lower-swirl tornado case and up to 16% 
for the higher-swirl tornado case, compared to the other locations, for the three translation 
speeds investigated. For simulated tornado with lower swirl ratio, measurements showed that 
peak roof uplift increases with increase in translation speed when building is located on tornado 
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mean path, whereas peak roof uplift decreases with increase in translation speed at locations 
other than tornado mean path. For tornado with higher swirl ratio, increase in translation speed 
does not change the maximum peak uplift load. Building experiences maximum horizontal and 
uplift loads at building orientation angle of -45o and 0o for lower swirl tornado case and -45o 
and -30o for higher swirl tornado case, respectively, with respect to the translation direction of 
the tornado. 
 
Keywords: Tornado Loads; Low-rise Building; Gable Roof; Tornado Swirl Ratio; Tornado 
Translation Speed; Building Orientation; ISU Tornado Simulator; Tornado Static Pressure 
Drop; Building Aerodynamics. 
 
 
5.1. Introduction 
Significant parameters such as swirl ratio, tornado translation speed, building 
orientation, building distance to the tornado mean path and many others that govern tornado-
induced wind loads on low-rise buildings need further investigation to find the worst-case 
loading for the purpose of their design. This type of investigation is important to fully 
understand the cause of the immense property loss in tornadoes, particularly the recently 
occurring catastrophic ones at Joplin, MO in 2011, Tuscaloosa, AL in 2011 and Moore, OK in 
2013 (http://www.spc.noaa.gov/faq/tornado/damage$.htm), with the goal of developing wind 
load design provisions that will help to prevent such losses in the future. Significant parameters 
that influence tornado-induced wind loads are either related to flow field characteristics of 
tornadoes, including but not limited to swirl ratio (Church et al, 1979; Natarajan and Hangan, 
2012), translation speed (Natarajan and Hangan, 2012; Dimanond and Wilkins, 1984; Liu and 
Ishihara, 2016; Razavi and Sarkar, 2016; Razavi and Sarkar, 2018), ground roughness 
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(Natarajan and Hangan, 2012; Liu and Ishihara, 2016; Dessens Jr, 1972; Leslie, 1977; Wang 
et al., 2017) and topography (Karstens, 2012; Lewellen, 2012; Razavi and Sarkar, 2018) or 
building’s geometry (Case et al., 2014), relative distance of the building to tornado mean path 
(Jischke and Light, 1983; Mishra et al., 2008; Hu et al., 2011; Rajasekharan et al., 2012) and 
building orientation (Hu et al., 2011; Sarkar et al., 2006; Sengupta et al., 2008; Haan et al., 
2009). Jischke and Light (1983) studied tornado induced loading on a rectangular building in 
a Ward-type-simulator where they found the peak tornado loads to be more severe than those 
caused by the tornado winds only. According to their study, tornado wind load analysis from 
straight-line atmospheric boundary layer (ABL) wind tunnel tests with the same wind speeds 
is unreliable. They found that building orientation and its location with respect to the center of 
tornado are important factors in tornado loading. Mishra et al. (2008) examined pressure 
distribution of a stationary tornado on a cubic building and found that pressure distribution on 
building walls and roof in tornado events is different from the pressure distribution resulted 
from straight-line ABL winds. This difference is not only magnitude-wise but also in number 
and location of walls with positive or negative pressures. Building’s distance from the center 
of the tornado was found to be an important factor in external pressure distribution and 
resultant load. They also found that permeability of the building, which influences the internal 
pressure, is an important factor in producing net loads. Sengupta et al. (2008) found peak loads 
and peak moments of translating tornado to exceed that of straight-line winds with the same 
wind speed, by a factor of 1.5 or more. Hu et al. (2011) investigated the effects of the distance 
of the building to the tornado center as well as building orientation of the same building as 
considered in this study. In their study, a stationary tornado with constant swirl ratio was 
considered. Sharp ground-surface pressure drops around the center of the simulated tornado 
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was observed. They found peak tornado loads of at least 3 times that of straight-line ABL 
winds considering all building orientations.  Cao et al. (2015) studied effects of tornado loading 
for a stationary tornado on a cooling tower and observed that peak pressure and peak load 
occur at the tornado center and core radius-location where maximum tangential velocity 
occurs, respectively. Among all the investigations on tornado wind loads, only few have 
considered loading effects of translating tornadoes (Case et al., 2013; Sengupta et al., 2008; 
Haan et al., 2009; Thampi et al., 2011), where the building model is located on the tornado 
mean path or at a fixed location with a constant distance to the tornado mean path. These past 
studies have motivated the current study on the effect of building distance to the tornado mean 
path on tornado loads. Due to asymmetry in flow field of translating tornadoes, the effect of 
distance to the tornado mean path on tornado loading should be examined on both sides of the 
tornado mean path. After finding the locations where maximum loads occur, effect of another 
important parameter which is the orientation of the building on peak loads should be studied. 
Orientation effect was previously examined at specific locations only (Jischke and Light, 1983; 
Hu et al., 2011; Sengupta et al., 2008; Haan et al., 2009). It does not guarantee finding the 
worst tornado loading case. In this study, the worst orientation angle of the building was found 
after finding the distance of the building to tornado mean path that gave the worst-case load 
components. Since tornado direction is generally from southwest to northeast with some 
variation while building’s geographical orientation is fixed, results from this section can be 
used to decide the worst loading case for design. Another effect to be studied is the effect of 
swirl ratio on peak tornado loads. All previous studies have only considered one swirl ratio 
(Jischke and Light, 1983; Mishra et al., 2008; Hu et al., 2011) except the study by Sengupta et 
al. (2008) and Haan et al. (2011). In their study, tornado-induced wind loads as a function of 
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swirl ratio was examined only when the building is located on tornado mean path.  
In the current study, the worst-case loading scenario on a non-porous low-rise building 
is explored as influenced by translation speed and swirl ratio of a tornado, relative distance of 
the building to the tornado’s mean path and orientation of the building with respect to the 
tornado’s translation direction, simultaneously considering all these factors. As in this study, 
identifying the magnitudes of the peak tornado loads will help in designing tornado-resistant 
buildings but more importantly identifying the parameters that influence the peak tornado loads 
will help in formulating similar studies in the future.  
In Section 5.2, experimental setup along with the procedure to find worst loading scenario is 
explained. Section 5.3 includes results and Section 5.4 includes concluding remarks. 
 
5.2. Methodology 
5.2.1. Tornado Simulation 
First step towards understanding of tornado loading is to simulate a tornado, and this 
was done in a laboratory by adjusting the control parameters of the ISU Tornado Simulator 
(Fig. 5.1). In this simulator, a 1.83m-diameter fan at its center sucks air upwards that simulates 
an updraft which passes through a series of screens and a honeycomb that tries to eliminate 
effects of the fan on the upstream flow, before turning into a horizontal duct comprised of two 
spaced circular plates, then flowing radially outward at the top of the simulator. The flow gains 
angular momentum after passing through a series of equally-spaced vanes (hinged flat plates) 
placed along the outer periphery of the circular plates at a fixed angle. The rotating flow is then 
guided downward through a vertical duct at the outer section of the simulator, where it 
resembles the downdraft occurring in tornadoes. The downdraft flows onto the ground plane 
and inward toward the tornado center before it reaches the updraft region to complete the 
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circuit. To simulate translating tornadoes, simulator is suspended above the ground plane by a 
5-ton crane and can be moved on a straight line with a maximum speed of 0.61 m/s (Natarajan 
and Hangan, 2012; Haan et al., 2008). In this study, two vane angles were selected to control 
the swirl ratio and provide simulation of two tornadoes with different ground-surface pressure 
characteristics (Karstens et al., 2010). The first type of ground-surface pressure distribution 
includes a point minimum with sharp slopes of pressure reduction on both sides of the 
minimum pressure region near the tornado center, as in the Manchester tornado of 2003 (Hu 
et al., 2011) and the Webb, Iowa tornado of 2004 (Karstens et al., 2010). In the second type of 
surface pressure distribution, there is a region of almost constant minimum pressure around 
the center of the tornado, as in the surface pressure distributions of the Mullinville, Kansas 
tornado of 2002 and the Tipton, Kansas tornado of 2008 (Karstens et al., 2010). Table 5.1 
shows the ISU Tornado Simulator control parameters and resultant non-dimensional 
parameters for stationary tornadoes, calculated using Eqs. 5.1-5.4, as in this study. These 
parameters are: 
        (5.1) 
          (5.2) 
           (5.3) 
          (5.4) 
where Vθ.c is the maximum mean tangential velocity in the flow field, rc is the core radius of 
the vortex which is the radial distance at an elevation zc to the highest magnitude (Vθ.c) of the 
maximum mean tangential velocity that varies with elevation, Γ is the circulation defined at 
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the core radius, h is inlet height, Q’ is flow rate per unit inlet height, Q is total flow rate, Sc is 
the swirl ratio at the core radius, Svane is swirl ratio at the radial location of the vanes (rvane), θ 
is the vane angle relative to radial direction which defines the ratio of tangential to radial 
velocity at rvane, ‘a’ is aspect ratio, r0  is radius of the fan, Rer is the radial Reynolds number 
which is calculated from the measured flow rate at the inlet, and ν is the kinematic viscosity of 
air, taken to be to 1.5 × 10-5 m2/s. Sc is an alternative definition for swirl ratio (Hu et al., 2011; 
Haan et al., 2008)  that relates it to tornado features at the core radius while the flow rate is 
measured at far-field. Even though it does not follow the original definition of ratio of angular 
momentum and radial momentum at a specific location (radius of updraft in Ward-type 
simulators), it attempts to relate the swirl ratio to tornado features to make the comparison 
easier for tornado simulators of different types such as ISU Tornado Simulator, where radius 
of the updraft hole is not physically defined as in Ward-type simulators. Equation 5.5 shows 
the relation between different definitions of swirl ratio in this study. 
(5.5) 
where Vθ.vane and Vr.vane are the tangential and radial velocities at the radial location of the 
vanes. In Eq. 5.5, ratio of tangential velocities is larger than 1 and ratio of radial distances is 
smaller than 1. Considering the conservation of angular momentum for simplicity, results in 
Eq. 5.6: 
          (5.6) 
 In Eq. 5.6, ratio of radial distances is always much smaller than 1, resulting in much 
smaller value of Sc in comparison to Svane. 
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Figure 5.1 Schematic illustration of ISU Tornado Simulator (Karstens, 2012). 
 
Table 5.1 Control parameters of ISU Tornado Simulator. 
Controlling parameter Case 1 Case 2 
Vane angle 15 degrees 55 degrees 
Fan power 33% 33% 
Flow rate (Q) 14.62 m3/s 12.03 m3/s 
Inflow height (h) 0.76 m (30 in) 0.76 m (30 in) 
Sc 0.05 0.22 
Svane 0.16 0.85 
Rer 2.04 × 105 1.68 × 105 
a 0.84 0.84 
 
 
After simulation of stationary tornadoes whose parameters are given in Table 5.1, three 
horizontally-translating tornado with a translation speed of 0.15 m/s, 0.30 m/s, and 0.50 m/s 
were simulated for each type of tornado, Case 1 (lower-swirl) and Case 2 (higher-swirl), by 
translation of the ISU Tornado Simulator. 
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5.2.2. Building Model 
A 1:200 scale low-rise gable-roof building model with a roof pitch of 35 degrees and a 
square plan area was built for this study. This model and its dimensions are shown in Fig. 5.2 
and Table 5.2. 
 
Figure 5.2 Schematic illustration of building model showing parameters used for calculating 
load coefficients. 
 
Table 5.2 Building model parameters. 
Parameter Value 
Scale 1:200 
Roof type Gable 
Roof angle 35o (8.4/12) 
Width (B) 90 mm (18 m in full scale) 
Length (L) 90 mm (18 m in full scale) 
Eave height (H) 30 mm (6 m in full scale) 
Plan aspect ratio (B/L) 1 
Vertical aspect ratio (H/L) 0.33 
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5.2.3. Lateral Location of the Building 
The building was placed at several lateral locations along the y-direction (Fig. 5.3) to 
adjust its distance from the tornado mean path along x. This distance is normalized by the core 
radius (rc) of the corresponding simulated tornado. Mean tornado path is defined as the location 
of maximum pressure drop or center of the maximum pressure drop region of the symmetric 
ground-surface pressure distribution of the corresponding stationary tornado in each case 
considered which is also the center of the stationary tornado. Ground surface pressure was 
measured using 32 equally spaced pressure taps at 0.05m intervals that were distributed in the 
y direction. Normalized lateral distances (y) between the building and the tornado mean path 
that were used in this study are shown in Table 5.3. 
 
 
Figure 5.3 Schematic illustration of the coordinate system and lateral positioning of the 
building. 
 
 
Table 5.3 Building location relative to the tornado mean path. 
Parameter Value 
y/rc for Case 1 0, ±0.31, ±0.62, ±0.92, ±1.23, ±1.54, ±1.85, ±2.15, ±3.08 
y/rc for Case 2 0, ±0.16, ±0.32, ±0.48, ±0.64, ±0.80, ±0.96, ±1.12, ±1.44, ±2.08, ±2.72 
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5.2.4. Orientation of the Building 
Load directions are defined relative to the building axes xm, ym, zm, with Fxm defined 
along the ridge (xm) of the building, Fym defined normal to the ridge (ym), and Fzm defined as 
roof uplift (zm) (Fig. 5.4). The building orientation angle (α) is defined positive in the counter-
clockwise direction as seen from the top with respect to the x-axis along the tornado’s 
translation direction, and with zero orientation (α=0) when xm is aligned with x. After finding 
the peak loads at different locations of the building with respect to the tornado mean path 
(Table 5.3) for orientation angle of zero degree, the locations where maximum peak load along 
each of the 3 directions (xm, ym, zm) occur were selected to study building orientation effects. 
Since roof uplift (Fzm) is the most important loading component (Hu et al., 2011; Roueche et 
al., 2015), the effect of building orientation at two locations, maximum peak uplift location 
(L1) and the closest location to L1 (L2), were examined. For these locations, 12 building 
orientations at 15-degree intervals were selected.  
 
 
Figure 5.4 Schematic Building axes, load components and orientation angle (α). 
 
5.2.5. Scaling Effects 
In this study, only external wind loads were considered. Based on Kikitsu and Okuda 
(2016), relative size of building model to tornado size affects the measurements of surface 
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pressures and load on the model in tornado simulators. They defined the following formula to 
compare the relative size: 
         (5.7) 
where rr is the size ratio which is the relative size of building model to the core of simulated 
tornado, rc is the radius of the core, req is the radius of the equivalent circular area of the building 
plan area (BL) where B and L are width and length of the building model (Fig. 5.2), 
respectively. They divided the external loads into two parts: (a) atmospheric pressure drop-
induced loads and (b) wind pressure-induced loads. To reduce the effect of the size ratio on 
measurement errors of atmospheric pressure drop-induced loads and wind pressure-induced 
loads, they suggested to limit the size ratio to 0.45 for atmospheric pressure drop-induced loads 
and as low as possible for wind pressure-induced loads. A lower size ratio reduces the blockage 
effect of building size on wind loads and results in more accurate measurement of external 
pressures or loads. In the current study, rr is equal to 0.31 for the smaller tornado (lower swirl) 
and 0.16 for the larger tornado (higher swirl), which are well below the critical size of 0.45. 
 
5.2.6. Instrumentation 
An 18-hole Omni-probe (Dantec) was used to measure the wind velocities. It is capable 
of measuring the mean wind velocity within a cone angle of view (or measurement) of ±165 
degrees about its axis, and hence considered as an ideal anemometer of choice for measuring 
laboratory tornado wind field that is highly three dimensional. The accuracy of its 
measurements of velocity magnitude and velocity angle are ±2% and ±1.5%, respectively. 
Velocity time histories were measured at z/zc=1, 2, 3, 4 and 5 for Case 1, where zc=0.013m is 
the lowest elevation of measurement. For Case 2, time histories were measured at z/zc=0.25, 
r 1 BLeqrr r rc c
= =
p
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0.38, 0.5, 1, 2, 3.5 and 5.5, where zc=0.051m. To measure ground surface pressures, 32 pressure 
taps that were located on the ground plane at an equal spacing of 0.05m in the y direction were 
used. Scanivalve electronic pressure scanners (DSA3217) were used for this purpose. 
Accuracy of these pressure scanners is ±0.4% of its full scale (150 Pa). To measure wind loads 
on the laboratory model, a 3-axis load-moment sensor (JR3) was used (Hu et al., 2011; Sarkar 
et al., 2006; Wu et al., 2017). The precision of the load-moment sensor for load measurements 
is ±0.25% of its full range (40 N). 
 
5.2.7. Data Extraction 
To measure loads on the building model, an aluminum rod was attached to its bottom 
center with the other end connected to a 3-axis load-moment sensor (JR3) that is fixed under 
the ground plane through a hole. Data was extracted at a sampling rate of 1000 Hz. Five (5) 
ensembles were collected for each building location at a specific orientation for a specific 
translation speed. To extract the peak loads, instantaneous peaks (maximums) of each of five 
load time histories were identified and averaged. Aerodynamic load coefficients were 
calculated as per Eqs. 5.8 and 5.9: 
 
        (5.8)  
 (5.9)  
where CFx, CFy, CFh and CFz are load coefficients along the building ridge, along a direction 
normal to the building ridge, along the resultant direction of the shear force on a horizontal 
plane, and in vertical (uplift) direction, respectively, and with Fxm, Fym, Fhm and Fzm, as the 
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corresponding loads. CMx, CMy, CMh and CMz are moment coefficients about the xm-axis, ym-
axis, and about a resultant direction of the shear force on a horizontal plane, and zm-axis, 
respectively, and with Mxm, Mym, Mhm and Mzm, as the corresponding moments. Axm is the wall 
area normal to the ridge, Aym is the area parallel to the ridge that includes the wall and projected 
roof areas, and Azm is the plan area (Fig. 5.2). Since direction of resultant horizontal load 
(shear) and corresponding projected area normal to that direction changes with time, projected 
area of building that is normal to ym-direction was used to normalize the resultant horizontal 
load. Vθ.c in Eqs. 5.8 and 5.9 is the highest of all maximum mean tangential velocities on 
different horizontal planes in the flow field of the parent stationary tornado. It was captured 
using the 18-hole Omni probe and by averaging the measured data for 180s at each grid point 
in the experimental domain. The average resolution of the experimental grid around Vθ.c is 
0.025m in the radial direction and 0.019m in the vertical direction. 
 
5.3. Result and Discussion 
In this section, characteristics of the flow field of laboratory simulated tornadoes on a 
smooth flat terrain and the effects of translation speed, swirl ratio, lateral distance of the 
building to the tornado mean path and building orientation on tornado loading are given and 
explained. Time histories of load coefficients (CFx, CFy, CFh, CFz) for the building model 
corresponding to the tornadoes of both swirl ratios (Case 1 and Case 2) at three locations from 
the tornado mean path are also presented to observe the instantaneous load components as 
tornado passes over the building. 
Since the moment coefficients are also significant (Hu et al., 2011), their maximum 
values considering different swirl ratios, different translation speeds and different lateral 
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locations (y) are reported. Effect of orientation angle on maximum moment coefficient was 
not studied.  
5.3.1. Tornado Flow Filed 
Table 4 gives values of core radius (rc), maximum mean tangential velocity in the flow 
field (Vθ.c), elevation at which Vθ.c occurs (zc), and the coefficient of maximum pressure drop 
on the ground-surface. The coefficient of ground-surface pressure drop is calculated using Eq. 
10: 
 
                   (5.10) 
The coefficient of ground-surface pressure drop for each simulated tornado case with 
a specific swirl ratio can be calculated by considering the corresponding ground-surface 
pressure (DP) and the maximum mean tangential velocity in the flow field (Vθ.c). In Fig. 5.5, 
the radial distribution of normalized ground-surface pressures along a line passing through the 
tornado center of a stationary tornado for the two cases, Case 1 (lower-swirl) and Case 2 
(higher-swirl) are shown. For the lower-swirl case (Svane=0.16), a sharp pressure drop with 
point minima around the core center is apparent, while for the tornado with higher swirl ratio 
(Svane=0.86), a region of constant minimum surface pressure (constant pressure coefficient 
around the center of the tornado) can be seen. Minimum pressure coefficients for the simulated 
tornadoes were -2.35 and -1.83, respectively, for Case 1 and Case 2 tornadoes. To validate the 
experimental data, results of ground surface pressure distribution were compared to 
Manchester, South Dakota tornado of 2003 for Case 1 (Hu et al., 2011) and Tipton, Kansas 
tornado of 2008 for Case 2 (Karstens et al., 2010). Since the core radius for Tipton tornado of 
P
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2008 was not reported, two core radii of 100m and 200m were considered for normalization. 
Results in Fig. 5.6 shows a good agreement between ground pressure distribution of 
Manchester tornado of 2003 and Case 1, and Tipton tornado of 2008 and Case 2. For Case 2, 
core radius of 200 m matches better with the laboratory simulated tornado. The radial 
distribution of normalized tangential velocity for the simulated tornadoes at zc is shown in Fig. 
5.7. For both simulated tornadoes, increase in radial distance from the center of tornado results 
in almost a linear increase in tangential velocity up to the radius of the core. Outside the core 
radius, increase in radial distance results in different decay rates in tangential velocity. 
 
Table 5.4 Important parameters of tornado flow field. 
Controlling parameter Case 1 Case 2 
rc (m) 0.17 0.32 
Vθ.c (m/s) 7.57 10.80 
zc (m) 0.013  0.051 
Cp.min -2.35 -1.83 
 
 
Figure 5.5 Radial distribution of mean surface pressure. 
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a) Single-celled tornado  a) Two-celled tornado  
Figure 5.6 Comparison of mean ground surface pressure between experimental and field 
measurements. 
 
Figure 5.7 Radial distribution of mean tangential velocity at zc elevation. 
 
5.3.2. Loading Parameters 
The effects of each of the four parameters considered in this study, i.e., translation 
speed, swirl ratio, building’s distance to the tornado mean path, and building orientation, on 
tornado loads are explained in this section. All normalized loads (forces and moments) reported 
here are absolute values except those presented as time histories.  
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5.3.2.1. Translation Speed 
In the current study, three translation speeds of 0.15 m/s, 0.30 m/s, and 0.50 m/s were 
considered for comparison. For this part of the experiment, where the building orientation 
angle was set to zero degrees, maximum values were selected amongst all the peak load 
coefficients extracted from each of the time histories recorded at different distances to tornado 
mean path. Table 5.5 gives these maximum peak load coefficients for each swirl ratio case 
corresponding to each translation speed (Vt). 
 
Table 5.5 Maximum load coefficients. 
 Case 1 Case 2 
Vt (m/s) CFx CFy CFh CFz CFz.MP CFx CFy CFh CFz CFz.MP 
0.15 1.04 0.74 0.90 2.76 2.24 0.94 0.51 0.74 1.76 1.76 
0.30 1.10 0.69 0.94 2.51 2.28 0.93 0.51 0.73 1.77 1.57 
0.50 1.02 0.70 0.90 2.47 2.32 0.82 0.51 0.68 1.76 1.47 
 
In Table 5.5, it can be observed that for Case 1 an increase of translation speed results 
in an initial increase and then a decrease of CFh whereas for Case 2 the trend is decrease of CFh 
with the increase in translation speed. For Case 1, CFx is larger than CFy by 41% to 59% for 
different translation speeds and an increase in translation speed results in a decrease of 
maximum peak uplift (CFz). Since these values are maximum of peak values at different 
locations of the building with different lateral distances to the tornado mean path, the uplift 
load on the building located at the tornado mean path (CFz.MP) is also shown in Table 5. This 
helps to explain differences in reported CFz in other studies in which the building model was 
located on the tornado mean path only (Case et al., 2014; Sengupta et al., 2008; Haan et al., 
2009). It is obvious that for Case 1, the trend of CFz.MP is to increase with an increase in 
translation speed, and the maximum uplift occurs for the highest translation speed. Hu et al. 
(Sarkar et al., 2006) studied tornado loads on a gable-roofed building with same geometry as 
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the one used here, placed on the tornado mean path of a simulated stationary tornado whose 
ground-surface pressure characteristics were similar to Case 1 in this study. They found the 
peak CFz.MP that is normalized with building plan area (Az) to be about 1.9 which is smaller 
than those measured for translating tornadoes in Table 5 and thereby confirms the result of this 
study given that increase in translation speed increases CFz.MP. The maximum peak uplift in 
Case 1 is smaller by 6% to 19%, when the building is located on the tornado mean path 
compared to other locations.  
For Case 2, there is a clear trend that CFx, CFh and CFz.MP decrease with an increase in 
translation speed whereas CFy and CFz are independent of translation speed. These results are 
consistent with Haan et al. (Haan et al., 2009) if peak roof uplift based on building location on 
the tornado mean path is considered but different from its general conclusion that all 
components of tornado peak loads decrease with translation speed. The uplift is either equal 
for Vt=0.15 m/s or smaller by 11% to 16% for the other two translation speeds (Vt=0.3 m/s and 
Vt=0.5 m/s), when the building is located on the tornado mean path compared to other 
locations. For both swirl ratios, uplift (CFz) is significantly larger than horizontal (CFh) load. 
CFz is between 2.7 to 3.1 times of CFh for Case 1 and between 2.4 to 2.6 times of CFh for Case 
2. This implies that the uplift load is significantly higher than the horizontal load and the ratio 
of the two loads depends on the swirl ratio. 
Comparison of all load coefficients between two cases with different swirl ratio shows that 
CFx, CFy and CFz for Case 1 (lower swirl) are larger by 11% to 26%, 37% to 45% and 40% to 
57%, respectively, than those of Case 2 (higher swirl). It makes the tornado with a lower swirl 
ratio, which has a ground-surface pressure distribution with a sharp pressure drop at the core 
center (Fig. 5.5), more likely to cause structural damage. 
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Table 5.6 Maximum moment coefficients. 
 Case 1 Case 2 
Vt (m/s) CMx CMy CMh CMz CMz.MP CMx CMy CMh CMz CMz.MP 
0.15 1.56 1.24 1.70 4.01 3.63 1.02 1.13 1.37 2.30 1.44 
0.30 1.32 1.41 1.72 4.06 3.08 1.05 1.17 1.40 2.21 1.40 
0.50 1.40 1.22 1.60 3.49 1.56 0.98 1.05 1.28 2.10 1.43 
 
In Table 5.6, maximum moment coefficients for both Cases 1 and 2 are shown for all 
three building axes, resultant horizontal or bending component and about the vertical axis on 
the tornado mean path (CMz.MP). Results show that for lower swirl ratio (Case 1), CMx is larger 
than the CMy for two translation speeds, while for the higher swirl ratio (Case 2), CMy is always 
larger than CMx between 7 to 11%. For both swirl ratios and at all translation speeds, CMz 
(torsional moment) is much larger than the resultant horizontal or bending component. Increase 
in translation speed results in monotonic decrease of CMz at higher swirl ratio (Case 2). CMz.MP 
values show that CMz will be under predicted if building location on tornado mean path is only 
considered and lateral distance to tornado mean path is not considered. This under prediction 
for different translation speeds is between 9% to 55% for the tornado with lower swirl ratio 
and between 32% to 37% for the tornado with higher swirl ratio. 
 
5.3.2.2. Lateral Distance (y) to the Tornado Mean Path 
Normalized loads as a function of the building distance to the tornado mean path are 
compared for both cases of different swirl ratios in Figs. 5.8 to 5.11. The orientation angle was 
kept equal to zero degrees, and the reported values are average of peak values extracted from 
five measured time histories of the load components at different distances to tornado mean 
path. Translation speed was kept constant at 0.5 m/s which results in a velocity ratio 
(translation speed to peak tangential velocity) of ~1/15 for Case 1 and ~1/12 for Case 2 that 
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are comparable to the field range. Scaling up peak tangential velocities to the velocity range of 
EF3 tornadoes (61 m/s to 75 m/s), for example, results in scaled up translation speeds of 4.1 
m/s to 5 m/s for Case 1 and 2.8 m/s and 3.4 m/s for Case 2 that are comparable to slowly 
translating tornadoes like Manchester, South Dakota tornado of 2003 (rated F4) with a 
translation speed of 2.2 m/s (Karstens et al., 2010). 
 
 
Figure 5.8 Effect of building distance to tornado mean path on peak CFx. 
 
In Fig. 5.8, the distribution of peak load (CFx) on the walls that are normal to the ridge 
shows that it is consistently larger for the tornado of lower swirl ratio. Maximum peak CFx 
occurs at a distance of about 1 core radius on the right side of the tornado mean path (y= -
0.92rc for the simulated tornado with lower swirl ratio and at y= -0.96rc for the simulated 
tornado with higher swirl ratio). Maximum peak CFx on the right side of tornado mean path is 
10% and 29% larger than that on the left side of tornado mean path for Case 1 and Case 2, 
respectively.  
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Figure 5.9 Effect of building distance to tornado mean path on peak CFy. 
 
Fig. 5.9 shows the distribution of peak load coefficient (CFy) along a direction normal 
to ridge at different distances from the tornado mean path. Maximum peak CFy occurs at y= -
1.54r and y= -0.32r for Case 1 and Case 2, respectively. It is observed that the peak loads on 
the building parallel to the ridge are almost equal on both sides of the tornado mean path. For 
Case 1, CFy is significantly larger than that of Case 2 at all distances to tornado mean path. 
 
Figure 5.10 Effect of building distance to tornado mean path on peak CFh. 
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Fig. 5.10 shows the distribution of peak CFh (normalized shear force on horizontal 
plane) at different distances from the tornado mean path. It is larger for tornado of lower swirl 
ratio. Maximum peak value for both cases occurs at a distance of slightly larger than the core 
radius from the tornado mean path and on its right side. For Case 1, local maxima occur on 
either side of tornado mean path. CFh at farthest distances to tornado mean path drops to less 
than 35% and 44% of its maximum peaks for Case 1 and Case 2, respectively. 
 
 
Figure 5.11 Effect of building distance to tornado mean path on peak CFz. 
 
The distribution of peak uplift load coefficient (CFz) along the y direction is shown in 
Fig. 5.11 that shows CFz is larger at all distances for Case 1. Maximum peak uplift is 40% 
larger for tornado with lower swirl ratio. It also shows that CFz has different distributions for 
different swirl ratios. For a simulated tornado with a lower swirl ratio, CFz has a maximum 
peak on the right side (negative y) of the tornado mean path within one core radius (y= -0.62rc). 
For a simulated tornado with higher swirl ratio, there are two maximum peaks, one on each 
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side of tornado mean path, which are about 1.8 times the core radius apart from each other. 
Maximum peak uplift (CFz) on the right side of the tornado mean path is 7% larger than that 
on the left side of the tornado mean path. Maximum peak uplift on for both swirl ratios is 
comparable to the minimum ground-surface pressure drop (Fig. 5.5) in each case.  
 
Figure 5.12 Effect of building distance to tornado mean path on differential force coefficient 
|CFz|-|Cp.min|. 
 
Loads induced by tornadoes result from a combination of wind and pressure deficit 
loadings. To examine the effects of wind loading only on the uplift forces on the building, 
atmospheric pressure deficit at each location was subtracted from the total uplift forces as 
shown in Fig. 5.12. In this figure, positive force coefficients correspond to suction or uplift and 
negative force coefficients correspond to downward force due to the effect of wind only. It is 
clear that for low swirl tornado with sharp pressure drop, wind portion of total uplift loading 
exerts only suction forces on the building, with maximas around the core radius. Minimum 
suction from the wind occurs at the tornado center, where the wind effect is negligible. For the 
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high swirl tornado, wind loading is downward inside one core radius from the tornado center 
which could be due to the effect of the downdraft. At larger radial distances, building only 
experiences suction from the wind like in a straight-line wind. 
 
5.3.2.3. Building Orientation 
The effects of building orientation on CFx, CFy, CFh and CFz are reported in Table 7 and 
in Figs. 5.12-5.15 and, as stated earlier, locations with largest magnitudes of CFx and CFy were 
selected to examine orientation effect on these load components. For each swirl ratio, two 
locations corresponding to maximum peak CFx and maximum peak CFy were selected to 
compare magnitude of CFh for different orientations. Since CFz is the dominant tornado load, a 
location with largest peak CFz (L1) and another location (L2) from one of two locations in the 
vicinity of the largest peak CFz with a larger magnitude were selected for further examination 
of the effect of the orientation angle (α).  
Table 5.7 gives peak load coefficients as a function of building orientation angle for 
two different swirl ratios and a constant translation speed of 0.5 m/s. Comparison of different 
components of peak load coefficients shows that uplift load is the dominant load for the two 
swirl ratios considered. Maximum peak for each load component and for each swirl ratio is 
marked in bold font. 
Fig. 5.13 shows the effect of building orientation on CFx along with mean CFx over all 
orientation angles (MCFx) for two tornadoes of different swirl ratios. MCFx are 0.98 and 0.74 
for Case 1 and Case 2, respectively. MCFx is 32% larger for the tornado with lower swirl ratio. 
Examination of all orientation angles shows that CFx drops to less than MCFx for orientation 
angles between 45 degrees and 105(-75) degrees for Case 1 and between 15 degrees and 90 
degrees for Case 2. This makes the orientation angles of 60 to 75 degrees as the most favorable 
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building orientation to reduce CFx for both swirl ratios. The maximum value of CFx is 1.07 and 
corresponding CFy is 0.29 that can be used for design. CFy is calculated from the mean of five 
values of CFy that occurs at the same time as maximum CFx for each of the five time-histories 
recorded.  
 
Table 5.7 Peak load coefficients (CF) for different building orientation angles in degrees as 
compared to zero orientation angle. 
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Figure 5.13 Effect of building orientation on load coefficient in x-direction. 
 
Figure 5.14 Effect of building orientation on load coefficient is y-direction. 
 
Fig. 5.14 shows the effect of building orientation on CFy as well as mean CFy over all 
orientation angles (MCFy) for tornadoes with two different swirl ratios. With an increase in 
swirl ratio, MCFy drops from 0.69 to 0.49. MCFy is 41% larger for the tornado with lower swirl 
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orientation angles between -30 degrees and 45 degrees for Case 1 and between -60 degrees and 
15 degrees for Case 2. This makes the most favourable orientation angle for the building as -
15 degrees to 0 degrees to reduce CFy for both swirl ratios. The maximum value of CFy is 0.80 
and corresponding CFx is 0.41 that can be used for design. CFx is calculated from the mean of 
five values of CFx that occurs at the same time as maximum CFy for each of the 5 time histories 
recorded.  
 
 
Figure 5.15 Effect of building orientation on total horizontal load coefficient. 
 
Fig. 5.15 shows the effect of building orientation on CFh at two locations for each of 
the two swirl ratios. These are locations where maximum CFx and maximum CFy occur. For 
Case 1 and for orientation angles smaller than 0 degrees, location of maximum CFh overlaps 
with the same location as for maximum CFy. For Case 2, location of maximum CFh overlaps 
with same location as for CFy at most of the orientation angles considered. It is clear from Fig. 
5.15 for CFh and from its components CFx and CFy in Figs. 13 and 14 that horizontal load 
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coefficients are significantly larger for Case 1 with lower swirl ratio than Case 2 at all 
orientation angles. 
 
 
Figure 5.16 Effect of building orientation on load coefficient in z-direction. 
 
Fig. 5.16 shows the effect of building orientation on CFz at two locations. Location 1 
(L1) is the point where maximum peak CFz occurs for a building orientation angle of zero. 
Location 2 (L2) is one of the two locations in the immediate vicinity of location 1 with a larger 
peak CFz. Comparison of Case1(L1) with Case1(L2) shows that maximum CFz occurs for 
location 1 and at orientation angle of 0o. Comparison of Case2(L1) with Case2(L2) shows that 
maximum CFz occurs for location 1 and at orientation angle of -30 degrees. For almost all 
orientation angles larger and smaller than -30 degrees, locations 1 and 2 experience larger CFz, 
respectively. Since the distance of the building to tornado mean path that results in maximum 
uplift load coefficient is different for different orientation angles, an envelope was drawn to 
show the maximum CFz at all orientation angles and for tornadoes of constant swirl ratio to 
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predict the worst CFz scenario. Interesting observation is that maximum CFz for Case 1 and 
Case 2 are 2.47 and 1.77, respectively which are comparable to ground-surface pressure 
coefficients of -2.35 and -1.83 for the corresponding case. 
 
5.3.2.4. Load Time History 
In Figs 5.17 and 5.18, time histories of load coefficients for the building that are 
ensemble average of 5 data sets corresponding to two lateral locations of the building with 
respect to tornado mean path are shown, where maximum uplift load (CFz (max)) and maximum 
horizontal load (CFh (max)) occur and are compared to those at the location of the tornado mean 
path. Orientation of the building and translation speed of the tornadoes were equal to 0 degrees 
and 0.5 m/s, respectively. In Figs. 5.17 and 5.18, horizontal axis is normalized distance in 
translation direction from the point where maximum pressure drop occurs in a stationary 
tornado, to the line normal to the translation direction that passes through the center of the 
building model. Building was located at x/rc=0, while the tornado translates from negative x/rc 
to positive x/rc. The sign of the loads in these figures indicates its direction as defined in Fig. 
4. 
In Fig. 5.17, building experiences maximum CFx at location of maximum CFz (-0.62rc) 
and it is subject to a long exposure of large CFx when it is located at location of maximum CFh 
(-1.23rc). Observed damage was shown to have a close correlation with exposure or duration 
of maximum winds (Wurman and Alexander, 2005) which makes the location of maximum 
CFh important to cause any damage. Load time history on the walls and projected roof that are 
along the ridge shows that maximum CFy occurs when the building is located at location of 
maximum CFh. Time history of CFh shows that after the location of maximum CFh, building 
experiences maximum peak horizontal load at location of maximum CFz. Comparison of uplift 
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time histories shows that location at tornado mean path is more critical than the location of 
maximum CFh while it is comparable to the location of maximum CFz. Uplift loads are 
significantly smaller than maximum uplift when building is located on location of maximum 
CFh. These results show that for a tornado of same characteristics as in Case 1, designing the 
building to withstand peak horizontal loads does not need consideration of peak uplift loads, 
while designing a building to withstand uplift loads needs consideration of significant 
horizontal loads. 
 
 
Figure 5.17 Time history of load coefficients for Case 1. 
 
In Fig. 18, building experiences similar CFx pattern when it is located at locations of 
maximum CFh and maximum CFz. It experiences CFx close to maximum values for a long 
duration for both of these two locations which is important for causing any damage (Wurman 
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and Alexander, 2005). Maximum CFy in both +y and –y directions are almost equal for all three 
locations considered. Time history of CFh shows that building experiences peak horizontal load 
after which load decreases and second peak hits the building. These two peaks are further apart 
when building is located on tornado mean path. Tornado induces similar CFh and CFz load 
pattern with time for locations of maximum CFh and maximum CFz. This suggests that to design 
buildings which can withstand tornadoes with same characteristic with simulated tornado of 
Case 2, it should be designed for maximum CFh and maximum CFz simultaneously. For tornado 
with higher swirl ratio, building experiences long duration of both maximum CFx and 
maximum CFh at two locations of maximum CFh and maximum CFz which needs further 
attention specially on walls of the building which are normal to the ridge. 
 
 
Figure 5.18 Time history of load coefficients for Case 2. 
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While results of this study show that simulated tornado of lower swirl ratio is more 
critical in terms of individual values of maximum load coefficients, the maximum CFz and 
maximum CFh does not occur simultaneously like in higher swirl tornadoes.  
 
5.4. Conclusion 
In this study, effects of tornado translation speed, tornado swirl ratio, building distance 
to tornado mean path and building orientation angle on tornado-induced loads on a low-rise 
building have been investigated. The overall effect of swirl ratio as relevant to all other 
parameters investigated is mentioned. Results show significantly larger peak loads for 
simulated tornado with lower swirl ratio. Peak roof uplift on tornado mean path is observed to 
be smaller for both swirl ratios, when other locations normal to translation direction are also 
considered. While increase in translation speed reduces peak uplift loads on the low-rise 
building for the lower swirl tornado, translation effect on peak uplift load resulted from the 
higher swirl tornado, with region of almost constant maximum pressure drop, showed to be 
insignificant. Peak uplift load was measured to be significantly larger than peak horizontal 
loads. Maximum torsional moment coefficient (CMz) was found to be significantly larger than 
the horizontal component (CMh). Maximum torsional moment did not occur on the mean path 
of tornadoes, thus, considering the building location on tornado mean path only, will result in 
under prediction of CMz between 9% to 55% depending on translation speed and swirl ratio. 
Concluding remarks follow: 
• Translation speed 
- Increase in translation speed decreases peak uplift for Case 1. 
- Effect of translation speed on peak uplift for Case 2 is negligible. 
• Distance to the tornado mean path 
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- CFz.MP is between 6% to 19% smaller than CF.z when different distances to the tornado 
mean path are considered, for simulated tornado with lower swirl ratio (Case 1). 
- CMz.MP is between 9% to 55% smaller than CM.z when different distances to the tornado 
mean path are considered for simulated tornado with lower swirl ratio (Case 1). 
- CFz.MP is equal to CFz or 11% and 16% smaller than CFz for translation speeds of 0.15 
m/s, 0.3 m/s and 0.5 m/s, respectively in Case 2. 
- CMz.MP is between 32% and 37% smaller than the CMz for different translation speeds 
for simulated tornado with higher swirl ratio (Case 2). 
• Orientation of the building 
- CFx is less than MCFx, when building’s orientation angle with respect to tornado mean 
path is between 45 and 105 (same as -75) degrees for Case 1 and between 15 and 90 
degrees for Case 2. 
- CFy is less than MCFy, when building’s orientation angle with respect to tornado mean 
path is between -30 and 45 degrees for Case 1 and between -60 and 15 degrees for Case 
2. 
- For translation speed of 0.5 m/s, maximum CFz is 40% larger for Case 1 than Case 2 
which makes lower-swirl tornado more critical for roof damage. 
• Load time history 
- When building model is located at location of maximum CFh, it experiences long 
duration of maximum loads in x-direction (on walls normal to building ridge) for Case 
1. 
- Both locations of maximum CFh and maximum CFz result in long exposure or duration 
of maximum CFx and maximum CFh for Case 2. 
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- While building experiences larger peak loads for tornado of lower swirl ratio compared 
to those for tornado of higher swirl ratio, it experiences significant CFh and significant 
CFz simultaneously for higher swirl tornadoes which requires consideration of 
maximum horizontal loads and maximum uplift loads simultaneously corresponding to 
this type of tornadoes for design of tornado resistant buildings. 
 
In the future studies, the effect of internal pressure that affects the net pressure on 
structural components should be considered. This investigation is specifically important in 
analysis of failure modes (Thampi et al., 2011) in low-rise structures with higher porosities, 
since the introduction of the internal pressure influences the time histories of the net pressures. 
On the positive side, the magnitude of the peak net pressures in tornado-induced loads is always 
smaller than the magnitude of peak external pressure (Thampi et al., 2011). Moreover, 
Rajasekharan et al. (2013) showed that the net peak force on buildings with low porosities (0.1% 
opening ratio) is 40% larger than the buildings of high porosities (3.9% opening ratio). This 
should result in the largest peak loads for non-porous buildings, making the results of this study 
as the worst-case loading scenario for a low-rise gable roof building. 
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CHAPTER 6.    IDENTIFICATION OF STATIC EQUIVALENT DESIGN LOADS 
ON STRUCTURAL FRAMES OF A GABLE-ROOFED LOW-RISE BUILDING FOR 
TORNADO-LIKE WIND  
To be submitted to the Journal of Wind Engineering and Industrial Aerodynamics 
 
Alireza Razavi and Partha P. Sarkar 
 
Abstract 
For designing buildings that can withstand tornadoes, calculation of maximum loads 
and bending moments on building components is inevitable. For this purpose, external tornado-
induced pressures were measured for a gable-roof low-rise building with plan aspect ratio of 
2, roof-pitch of 35 degrees and at two angles of attacks of 0 and 90 degrees. 192 pressure taps 
were located on the external surface of the building (roof and walls) and pressure measurement 
was done for 10 seconds for a slow-moving translating tornado and at frequency of 625 Hz. 
Pressure taps on 5 frames of the building that were located at 5 distinct locations along the 
length of the building were selected to calculate maximum loads and moments. A failure mode 
of the frames was considered in limit state where the frame collapses due to formation of three 
plastic hinges with hinged ends on the ground and at the roof ridge and rigid wall-to-roof 
connections (knees). Results showed that maximum uplift and bending moment at the left knee 
of the frame occur at interior frames, while the maximum shear and maximum bending moment 
at the right knee increase for the frames toward the leeward side of the building. Except from 
the uplift with maximum variability of 10% for different angles of attack of tornado and frame 
locations, shear and bending moments at left knee and right knee experienced large spatial 
gradients with maximum difference of 344%, 305% and 747%, respectively, between their 
maximum and minimum values. In the end, pseudo pressure coefficients were calculated based 
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on the envelope method of ASCE7-16 to calculate maximum shear, uplift and bending 
moments for frame analysis and tornado-resistant building design. 
 
 
Keywords:  Tornado Loads; Low-rise Building; Gable Roof; Tornado Swirl Ratio; Tornado 
Translation Speed; Building Orientation; ISU Tornado Simulator; Tornado Static Pressure Drop; 
Building Aerodynamics. 
 
6.1. Introduction 
Tornadoes are a catastrophic phenomenon with more than 100 fatalities (10-year 
average, http://www.nws.noaa.gov/om/hazstats.shtml) and billions of dollars of property-
insured loss annually. In each of the recent tornadoes of Joplin, MO in 2011, Tuscaloosa, AL 
in 2011 and Moore, OK in 2013 property-insured loss was more than $2 billion 
(http://www.spc.noaa.gov/faq/tornado/damage$.htm). Introduction of tornado simulator by 
Ward (1973) started an era of studying simulated tornadoes in a laboratory. Church et al. (1979) 
examined effects of key parameters affecting tornado structure, i.e., swirl ratio, i.e. ratio of far-
field angular momentum to flow rate of radial inflow, radial Reynolds number, i.e. based on 
the radial flow converging toward the tornado center, and aspect ratio, ratio of inflow height 
to updraft radius. They reported swirl ratio as the most important parameter defining structure 
of tornadoes. Main goal of engineers in studying how tornadoes impact civil structures is to 
mitigate damage of structures from tornadoes and design them to be more resilient. Wind-
induced loads on low-rise buildings of different shapes and sizes and roof types have been 
systematically studied at model scales in wind tunnels and using CFD techniques. Past two 
decades have seen study of tornado-induced loads on buildings using tornado simulators. 
Mechaam et al. (1991) compared the pressure distribution between two buildings with same 
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plan aspect ratio of 2 and roof pitch of 4:12, but different roof geometries, Gable and Hip, in a 
boundary layer wind tunnel; they performed the experiment for 10 angles of attack between 0 
to 90 degrees and two different exposures. Results showed that integrated loading on different 
roof geometries is the same, yet the local loads and maximum pressures along the structural 
elements, i.e., building trusses is dramatically different. For the first truss on windward side of 
the buildings, they found the peak negative pressures to be 50% larger on the gable roof 
building at an angle of attack of 90 degrees, when wind direction is parallel to the ridge, i.e. 
along the longer horizontal dimension. Xu and Reordan (1998) examined influences of roof 
shape, i.e., gable and hip, and roof pitches of 15, 20 and 30 degrees on distribution of mean 
and peak pressures. They found that peak pressures are much larger on gable-roofs compared 
to hip-roofs on buildings of the same roof pitch for roof pitch angles of 15 and 20 degrees. 
Marshal (2002) surveyed damage of Moore, OK tornado of 1999 and observed no 
improvement in home construction three months after the event. Therefore, it is important to 
examine tornado-induced loads on low-rise buildings of different building geometries and roof 
types for the purpose of design recommendation. The approach proposed here may sacrifice 
the architectural aspects of the building for improved building safety but would satisfy desired 
building geometries, while considering the high price for safety requirements. Jischke and 
Light (1983) and Mishra et al. (2008) studied tornado-induced pressure distribution on 
rectangular and cubic models in tornado simulators and found it different from that of straight-
line winds in ABL wind tunnels. Jischke and Light (1983) observed that tornado damage is not 
a sole function of maximum wind speed since there is a pressure field with large spatial 
gradients. This observation required the study of tornado-induced loads in specialized wind 
tunnels that can simulate tornado-like vortex, tornado simulators, instead of ABL wind tunnels 
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to acquire more accurate results. The clear difference between these wind tunnels, i.e., ABL 
and tornado simulator is in the presence of a specific pressure distribution in the latter due to 
centrifugal force induced by swirling air parcels and static pressure drop associated with it. 
Sengupta et al. (2008) investigated peak tornado-induced loads and moments on a cubic 
building and found them at least 50% larger than the corresponding forces induced by straight-
line winds with the same maximum wind speed, which were calculated using ASCE7-05. Hu 
et al. (2011) investigated tornado loading on a gable-roof building with square plan area. They 
observed that maximum vertical loads are more than three times of maximum horizontal loads 
in x and y direction (without considering internal pressures) and occur when the building is 
located inside the tornado core. For horizontal loads, maximum load occurred at about 1 core 
radius away from the tornado center. They also found that tornado-induced loads in tangential 
direction are larger than the corresponding ones normal to them (in radial direction toward the 
tornado center), simply due to dominant tangential velocity in tornado flow fields. Considering 
the importance of tornado loading on civil infrastructure, even the most updated version of 
ASCE 7 (ASCE7-16) that includes provisions for tornado-induced loads does not give explicit 
methods to calculate tornado loads, instead it gives scalar coefficients that modifies the 
velocity pressure corresponding to straight-line winds.  
In the current study, building pressure data from the Iowa State University Tornado 
Simulator was used to estimate pseudo static pressure coefficients on building walls and roofs 
that would give the maximum tornado loads specified by ASCE7-16 on frames of a gable-roof 
building. Section 2 explains the methodology for performing the experiments, as well as gives 
a brief introduction of the envelope method that is mentioned in ASCE7. Results are shown in 
Section 3 and conclusions are given in Section 4.   
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6.2. Methodology 
In this section, mechanism of the Iowa State University Tornado Simulator, 
characteristics of the simulated tornado-like vortex, measurement technique and 
instrumentation, as well as the envelope method for calculation of maximum load and 
corresponding pseudo static pressures are explained. 
 
6.2.1. ISU Tornado Simulator 
First step in measurement of tornado-induced loads on structures is to simulate a 
tornado-like vortex structure. For this purpose, Iowa State University Tornado Simulator which 
can simulate velocity field (Haan et al., 2008) and pressure distribution in real tornadoes (Hu 
et al., 2011) was used. Adjusted control parameters are shown in Table 6.1, which result in 
characteristic parameters as calculated in Eqs. 6.1-6.3: 𝑆" = $%&'()* = $%('$%-..%)'( = $%1-..%( = (f.')1(Jf.)( = 0.22,   (6.1a) 𝑆2345 = 6789'3 = 678gg'(f.F) = 0.85,      (6.1b) 𝑎 = $; = f.Gf.J = 0.84,        (6.2) 𝑅𝑒$ = ()'> = 1.;;.Q'(J.g×JfN) = 1.68 × 10g,     (6.3) 
 
where Vθ.c is maximum mean tangential velocity in the flow field, rc is core radius at which Vθ.c 
occurs, Sc is swirl ratio at the rc, Γ is circulation defined at the rc, Q’ is volume flow rate per unit inlet 
height, h is inlet height, Q is volume flow rate, Svane is swirl ratio at the radial location of the vanes, θ 
is vane angle relative to the radial direction, a is aspect ratio, r0 is the fan radius, Rer is radial Reynolds 
number, and ν is kinematic viscosity of air, taken as 1.5 × 10-5m2/s. Sc is an alternative definition of 
swirl ratio, first defined by Haan et al. (2008) to relate swirl ratio to characteristic velocity and length, 
Vθ.c and rc , in tornado flow field.  
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Figure 6.1 ISU Tornado Simulator 
 
Table 6.1 Control parameters of the ISU Tornado Simulator. 
Controlling parameter Value 
Vane angle 55 degrees 
Fan power 33% 
Flow rate (Q) 12.03 m3/s 
Inflow height (h) 0.76 m (30 in) 
Sc 0.22 
Svane 0.85 
Rer 1.68 × 105 
a 0.84 
 
To simulate a more realistic tornado, translation speed was added to the flow field by 
translation of the tornado simulator that is suspended above the ground from a crane. 
 158 
Translation speed of 0.50 m/s was chosen, which converts to 2 to 3 m/s based on the velocity 
scales of the simulation (~lv=1/6, based on the comparison with EF3 tornadoes with maximum 
wind speed of 75 m/s) that matches with almost the lowest end of the field values that was 
observed in Manchester, SD tornado of 2003 (Karstens et al., 2010). Past laboratory studies 
have proven that slowly moving tornadoes induce larger peak loads on civil infrastructure than 
the fast ones; Thus, the measured loads that are used in this study are conservative and poses 
a worst-case scenario. 
 
 
6.2.2. Building Geometry and Orientation 
A gable-roof building model with a plan aspect ratio of 2, dimensions of 180 mm (L) 
´ 90 mm (B) ´ 30 mm (heave) and roof pitch (α) of 35 degrees was 3D printed with pressure 
taps located on the roof along the corresponding locations of roof trusses and in-line wall 
sections of the prototype building. Building orientation angle is defined as 0 degrees when 
tornado translation direction is parallel to the building ridge and 90 degrees when it is normal 
to the building ridge. The length scale is lL=1/100-1/200, based on the comparison with low-
rise buildings. 
 
6.2.3. Instrumentation 
To measure the local loads on frames of the building model, pressure taps were located 
along the corresponding roof-trusses and sections of the wall that are in-line with them of the 
prototype building. For each building frame, there were a total of 14 taps with 8 taps located 
on the roof and 3 taps located on each of the two walls. For the first and last frame at two ends 
of the building, total of 4 more taps are located on the roof that results in total of 18 taps for 
these two frames. All the pressure taps were placed on 11 distinct frames separated along the 
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length of the building, parallel to the ridge (Fig. 6a). In this study results were reported for 
frames 1 (being hit first by the coming tornado), 4, 6 (at the middle), 8 and 11 (being hit last 
by the coming tornado), total of 5 frames. All the taps were connected to two 64-channel ZOC 
pressure transducers. Pressure scan rate was 625 Hz and data were collected for 10 seconds, 
which is the time for the simulated tornado to travel the whole length of the test section or 
platform. 
 
6.2.4. Building Frame Static Equivalent Loads  
To calculate the maximum equivalent static loads on the frame of the low-rise building 
considered here, as induced by a tornado, a failure mode of the frame was considered in limit 
state where the frame collapses due to formation of three plastic hinges. A three-hinged frame 
with hinged ends on the ground and at the roof ridge and rigid wall-to-roof connections (knees) 
was used for this analysis (Fig. 6.2c). It was assumed that the wind pressure on the cladding 
will be transferred to the main structural system with zero moment. To calculate the maximum 
external force and moment components to be resisted, following structural actions were 
evaluated on each of the three-hinged frames located along the longer dimension of the roof 
(ASCE7-16): 
1- Total uplift 
2- Total horizontal shear 
3- Bending moment at knees 
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Figure 6.2 Schematic illustration of a) top view of model building, pressure taps and their 
tributary areas, b) building system and c) three-hinged frame with dimensions. 
 
The relative distances shown in Fig. 6.2c are tabulated to specify the exact locations of 
the pressure taps (Table 6.2). 
Table 6.2 Locations of pressure taps on the building frame. 
Dimension Parameter  Value (mm) 
R1 3.19 
R2 4.81 
R3 9.38 
R4 14.19 
R5 8.87 
R6 5.32 
R7 2.13 
W1 5 
W2 10 
W3 10 
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6.2.5. Building Frame Response 
To predict the linear, static response of a gable-roofed low-rise building, it is considered as a 
rigid structure since its fundamental natural frequency is more than 1 Hz (ASCE7-16). Thus, 
building response (stresses and displacements) of the building and its components can be 
calculated from static loads. To calculate the load from each pressure-tap, bounds of the 
tributary area is considered as half the distance between two consecutive taps in each direction 
and for the outermost taps, the exterior tributary area bound is taken as the edge of the 
corresponding face. The structure shown in Fig. 6.2b is considered for analysis and frames are 
spanned in y-z planes. The assumptions that were made for structural analysis are listed below:  
1. Purlins are not included;  
2. Lateral loads in longitudinal direction (normal to frames) are not considered;  
3. Wind loading is applied to the cladding;  
4. Cladding is attached to the frame with hinged connection so there is no moment 
transferred to the building frame;  
Support reactions were calculated as follows: 
Three-hinged frame is a determinate structure. In this system, the frame can be divided into 
two parts with one on each side of the ridge hinge. Three equations of planar static equilibrium 
can be written for each part of the frame, which results in total of 6 equations. Number of 
unknowns at the two hinged supports and ridge hinge is also 6 (2 components of force at each 
location), since the moment is zero at a hinge (Fig. 6.3). 
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Figure 6.3 Decomposition of a three-hinged frame for static analysis. 
 
Equations of static equilibrium for each part of the frame are as follows: 𝐴B + 𝐵B = −∑𝑃.3 𝐴y4$$ − ∑𝑃.$ 𝐴y4$$𝑐𝑜𝑠(90 − 𝛼), (6.4) 𝐴 + 𝐵 = ∑𝑃.$ 𝐴y4$$𝑐𝑜𝑠(𝛼),      (6.5) 𝐶B − 𝐵B = ∑𝑃.3 𝐴y4$$ + ∑𝑃.$ 𝐴y4$$𝑐𝑜𝑠(90 − 𝛼),  (6.6) 𝐶 − 𝐵 = ∑𝑃.$ 𝐴y4$$𝑐𝑜𝑠(𝛼),      (6.7) 𝐵B L𝐿Z3 + 𝐿$𝑠𝑖𝑛(𝛼)R − 𝐵 L𝐿$𝑐𝑜𝑠(𝛼)R = −∑𝑃.3 𝐴y4$$(0.5𝐿3) +−∑𝑃𝑡.$ 𝐴y4$$ 0.5𝐿$ + 𝐿Z3cos	(90 − 𝛼)¤,    (6.8) 𝐵B L𝐿Z3 + 𝐿$𝑠𝑖𝑛(𝛼)R + 𝐵 L𝐿$𝑐𝑜𝑠(𝛼)R = −∑𝑃.3 𝐴y4$$(0.5𝐿3) +−∑𝑃.$ 𝐴y4$$ 0.5𝐿$ + 𝐿Z3cos	(90 − 𝛼)¤,    (6.9) 
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where Pt.wall and Pt.roof are pressures at pressure tap locations on the wall and roof, 
respectively. Using equations 6.4-6.9, Ax, Ay, Bx, By, Cx, and Cy can be found. Maximum shear 
and maximum uplift can be calculated by finding the maximum of Ax+ Cx and Ay+ Cy 
respectively. To calculate the maximum bending moments at left and right knees (Fig. 6.3), 
equations 6.10 and 6.11 are used: 
 𝑀5 = −𝐴Bℎ5325 − ∑𝑃.Z3 𝐴$$𝐿§455 ,     (6.10) 𝑀$¨* = 𝐶Bℎ5325 − ∑𝑃.Z3 𝐴$$𝐿§455 ,     (6.11) 
 
where Mleft and Mright are calculated bending moments at left and right knees, respectively, heave 
is the eave height of the building and Lknee is the distance of the center of pressure-distribution 
corresponding to each tap and its tributory area Atributory. After finding maximum shear, 
maximum uplift and maximum bending moments, 4 uniform pseudo static pressures, as shown 
in Fig. 6.3 are considered to act on the walls and roof of the building system. Effect of these 
distributions should equalize all the maximum loads calculated in the previous step. A system 
of linear equations is solved as follows to find these distributions: (𝐴B + 𝐶B)X3B + 0.5𝜌𝑉' 𝐶cJ𝐴J + 𝐶c'𝐴'sin(𝛼) − 𝐶c¬𝐴¬ − 𝐶cF𝐴F	 sin	(𝛼)¤ = 0, (6.12) (𝐴 + 𝐶)X3B − 0.5𝜌𝑉' 𝐶c'𝐴'cos(𝛼) + 𝐶cF𝐴F	 cos	(𝛼)¤ = 0,   (6.13) 𝑀5.X3B + 𝐴B𝐿§455 + 0.5𝜌𝑉' 𝐶cJ𝐴J¤(𝐿§455/2) = 0,    (6.14) 𝑀$¨*.X3B − 𝐶B𝐿§455 + 0.5𝜌𝑉' 𝐶cF𝐴F¤(𝐿§455/2) = 0,    (6.15) 
where Cp is pressure coefficient that is normalized with maximum mean tangential velocity in 
the flow ield (Vq.c) and defined as Cp=P/(0.5r Vq.c2). r is air density and equal to 1.225 kg/m3. 
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These equations (Eqs. 6.12-6.15) are solved to get the pseudo-static pressures for each of the 
5 frames considered here along the length of the building in x direction. 
 
6.3. Results and Discussion 
This section presents the maximum loads and maximum bending moments as 
calculated, and the distributed pseudo static pressures, on each of the 5 frames as tornado 
passes over the building. It should be noted that maximum loads or bending moments may not 
occur at the same time, and the Envelope method (ASCE7) considers the worst-case scenario. 
In Tables 6.3 and 6.4, maximum loads (shear and uplift), maximum moments and 
pseudo static pressure coefficients (external) for each of the 5 frames are shown for both 
orientation angles of 0 and 90 degrees of the building. Corresponding distributions of absolute 
scaled loads and absolute (magnitude without a sign) scaled moments on these selected frames 
are also shown in Figs. 6.4-6.7 for clear demonstration of the trends. Since the scaled loads are 
calculated from F= (0.5r Vq.c2A2), they should be divided by lv2lL2 to calculate the full-scale 
loads. To scale-up bending moments, they should be divided by lv2lL3. 
Table 6.3 Calculated Maximum Loads (N) and Maximum Moments (N.m). 
Building 
Orientation 
Angle 
(Degrees) 
Frame Shearmax Upliftmax Mleft.max Mright.max  
0 1 -5.39 -10.93 0.0587 -0.0491  
0 2 -3.47 -12.22 0.1269 0.0387  
0 3 -3.32 -12.22 0.1270 0.0387  
0 4 4.13 -12.52 -0.1069 -0.0503  
0 5 6.26 -11.71 -0.0501 0.0758  
90 1 -1.41 -11.67 -0.0150 -0.0187  
90 2 1.70 -11.09 -0.0549 0.0243  
90 3 1.60 -11.09 -0.0533 0.0256  
90 4 1.59 -11.99 -0.0552 -0.0426  
90 5 -3.77 -12.12 0.0527 -0.0335  
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Table 6.4 Calculated Pseudo Static Pressure Coefficients (External). 
Building 
Orientation 
Angle 
(Degrees) 
Frame Cp1 Cp2 Cp3 Cp4  
0 1 -0.28 -1.49 -2.4 -1.96  
0 2 -1.71 -1.55 -2.79 -2.2  
0 3 -1.76 -1.52 -2.82 -2.11  
0 4 -2.27 -2.13 -2.32 -0.17  
0 5 -2.25 -2.62 -1.54 -0.31  
90 1 -1.56 -2.37 -1.78 -2.76  
90 2 -0.61 -2.88 -1.06 -1.50  
90 3 -0.61 -2.90 -1.04 -1.57  
90 4 -1.57 -1.94 -2.32 -0.48  
90 5 -0.61 -1.65 -2.66 -1.44  
 
 
Figure 6.4 Absolute maximum shear on building frames at building orientation angles of 0 
and 90 degrees. 
 
Figure 6.4 shows that maxima of the absolute maximum shear at building orientation 
angle of 0 degree occurs at the two end frames of the building while for angle of attack of 90 
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degrees, the same occurs on the leeward side of the building with the end frame experiencing 
the maximum shear. Maximum shears at 0 and 90 degrees are 89% and 135% larger, 
respectively, than the maximum shear on the middle frames. It is also obvious that shear is 
much larger on all frames for building orientation angle of 0 degrees than that of 90 degrees. 
This is because the maximum wind speed in a tornado, which is close to the maximum 
tangential wind speed component, is closer in alignment with the plane of the frames for the 
0-degree orientation than the other case. 
 
 
Figure 6.5 Absolute maximum uplift on building frames at building orientation angles of 0 
and 90 degrees. 
 
Fig. 6.5 shows that maximum uplift occurs in the middle frames for the building 
orientation angle of 0 degrees, while the pattern of uplift is completely different for building 
orientation angle of 90 degrees where the maximum uplift occurs at both end frames of the 
building. Maxima of the maximum lift for both building orientation angles are comparable 
with the 0-degree case experiencing 3% larger maximum lift. 
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Figure 6.6 Absolute maximum bending moment on left knee of building frames at building 
orientation angles of 0 and 90 degrees. 
 
In Fig 6.6, it is shown that left knee of the building frames is much more vulnerable at 
building orientation angle of 0 degrees with a maximum value being 130% larger than that of 
the left knee at building orientation angle of attack of 90 degrees. For building orientation angle 
of 0 degrees, maximum moment occurs for the middle frames while this value is less than 50% 
for end frames. For building orientation angle of 90 degrees, lift at the left knee is almost 
constant for all frames except the first end frame on the windward side of the building. 
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Figure 6.7 Absolute maximum bending moment on right knee of building frames at building 
orientation angles of 0 and 90 degrees. 
 
In Fig 6.7, it is shown that right knee of the building frame is more vulnerable at 
building orientation angle of 0 degrees with maximum value being 78% larger than the 
maximum moment of the right knee at building orientation angle of 90 degrees. For building 
orientation angle of 0 degrees, an increase in moment is observed gradually from the second 
frame on the windward side of the building to the last frame toward its leeward side, where the 
first frame being the end frame experiences higher moment than the next two middle frames. 
This trend is similar for building orientation angle of 90 degrees with the exception of the end 
frame on the leeward side of the building. 
 
6.4. Conclusion 
Tornado-induced static equivalent loads (shear, uplift and bending moments) on five 
structural frames of a gable-roof building with a roof pitch angle of 35 degrees and two building 
orientation angles of 0 and 90 degrees were calculated using the envelope method, as 
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mentioned in ASCE 7, to find the most vulnerable frame with respect to collapse. Results 
showed that building orientation angle of 0 degrees (tornado translating direction aligned with 
the roof ridge) induces larger loads and bending moments on building frames than those at 
building orientation angle of 90 degrees (tornado translating direction normal to the roof ridge) 
and as a result is more dangerous for the building. Largest shear occurred at the end frames 
while the largest uplift occurred for the interior frames. It was also observed that frames toward 
the leeward side of the building (with respect to the translation direction) experienced larger 
bending moments on both right and left knees. While the results of this study showed that 
difference in maximum uplift acting on different frames and for different building orientation 
angles is about 10%, it is significant for shear and is about 344% between the last frame at 
building orientation angle of 0 degrees (maximum) and first frame at building orientation angle 
of 90 degrees (minimum). Bending moments at right knee increased for the frames toward the 
leeward side of the building, while it was maximum for interior frames at the left knee. 
Difference in largest and smallest values of maximum bending moments on the left and right 
knees was 747% and 305%, respectively. This study shows the sensitivity of all loads (shear 
and uplift) and bending moments acting on building fames with regards to building orientation 
angles and frame location of the building. It also specifies the coefficients of equivalent static 
pressures (external) that can be used to calculate the maximum loads and maximum bending 
moments for frame analysis of a gable-roofed low-rise building using the envelope method in 
ASCE 7. 
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CHAPTER 7.    CONCLUSIONS 
7.1. General Discussion 
In this section, major conclusions of this research are compiled and effects of each of 
the parameters, i.e., undulated topography, translation speed, ground roughness, building 
parameters and peak local loads on a low-rise building and its structural components (truss) 
are mentioned separately. 
 
7.2. Concluding Remarks 
7.2.1. Influence of Undulated Terrain (Topography) on Tornado Flow Field 
Topographic features of the ground showed several influences on the tornado flow field 
and important parameters affecting the damage possibility, i.e., peak wind speed, location and 
area covered by maximum winds in the path of tornado, and duration of high winds affecting 
any location on tornado path. Maximum increase of 10% to 14% in maximum wind speed was 
observed on the path of tornado with 14% occurring for the 2D-ridge just downstream of the 
crest.  This wind amplification occurred very close to the ground, putting even the low-rise 
buildings in an increased risk of damage. Duration of maximum winds’ exposure to the 
building showed significant increase at several locations along topography profiles. Amongst 
the three topographies investigated, the largest increase in this parameter occurred for the 2D-
ridge with increase of the duration of maximum winds by 86% and 110% for EF2 and EF3 
winds, respectively, compared to a flat terrain. While for both 2D-escarpment and 2D-valley, 
maximum increase of the duration of maximum winds by 47% and 60% for EF3 winds, 
respectively, occurred compared to a flat terrain, changes in the duration of EF2 winds was 
negligible for both cases. 
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7.2.2. Influence of Translation Speed on Tornado Flow Field 
Flow field of a translation speed has similarity with radar observations that maximum 
radial inflow occurs at lowest elevations close to the ground (< 40 m). The most important 
observation in the flow field of a translating tornado was related to the expansion of core size. 
This deformation has two impacts on damage possibility. By expansion of the core radius in 
translation direction, duration of exposure of any building to low pressures close to the center 
of the tornado increases which increases the damage possibility. Moreover, expansion of the 
core radius normal to the translation direction increases the possibility of any structure being 
exposed to the region of tornado with lower pressure and higher velocities, which also 
increases the possibility of any damage. Another observation which agreed with measurements 
on wind-induced loads on structures was that increase in translation speed decreases peak 
velocity of tornado. Lastly, comparison of results between current experimental approach with 
previous simulations based on relative motion of the ground showed that there are differences 
in the intensity of the influence of translation on tornado flow field at some radial distances, 
and mismatch at other radial distances further away from the tornado center (r/rc = 3). Effects 
from relative ground motion also damps faster in vertical direction.  
 
7.2.3. Influence of Ground-Roughness on Tornado Flow Field 
Introduction of roughness on the ground resulted in the growth of boundary layer 
toward the tornado center. It also intensified radial velocity in astationary tornado at all 
elevations close to the ground. For translating tornado, effects of rough terrain on tornado flow 
field was significantly close to the ground (r/rc<4.7 × Height of roughness element). For 
translating tornado, maximum radial inflow occurred closer to the tornado center in 
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comparison to the stationary tornado, which resulted in the transfer of angular momentum to 
lower radial distances from the tornado center, resulting in a decrease in core radius. 
 
7.2.4. Influence of Tornado and Building Parameters on Peak Tornado-induced Loads 
on a Low-rise Gable-roof Building 
Results showed that larger peak loads on a low-rise building occurred from tornado 
with lower swirl ratio that has lower atmospheric pressure drop than the one with higher swirl 
ratio. Examination of the location of building with respect to the tornado mean path revealed 
that peak roof uplift occurs at locations off-center contrary to the previous studies based on 
building locations on the tornado mean path, that underestimated the peak uplift. Effect of 
translation on peak uplift was found to increase for the tornado with lower swirl ratio 
considered (characterized by a sharp pressure drop around the tornado center), while it was 
found to be insignificant for the tornado with higher swirl ratio (characterized byregion of 
constant minimum pressure drop around the tornado center). Maximum torsional moment 
coefficient (about vertical axis of the building) was found to be larger while it occured off-
center from the mean tornado path, and about 55% larger than the torsional moment coefficient 
of the building located at the tornado mean path.   
 
7.2.5. Identification of Static Equivalent Design Loads on Structural Frames of a Gable-
roofed Low-rise Building for Tornado-like Wind   
Result of experimental study of tornado-induced loads and moments on different 
frames of a gable-roof building with plan aspect ratio of 2, roof-pitch of 35 degrees and at two 
angles of attacks of 0 and 90 degrees showed that most vulnerable frames under the shear load 
are located at both ends of the building, maximum uplift loads occur for interior frames, 
maximum bending moments at the right knee increases as frames is located closer toward the 
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leeward end of the building, while the maximum bending moment at the left knee occurs for 
interior frames. Except from the uplift with variability of about 10% for different orientations 
of the building and locations of the building frame, large spatial gradient of loads and moments 
were observed. Result showed that for a similar building to withstand tornadoes, different 
frames with different strength are needed in the design stage of tornado-resistant building. At 
the end, calculation of the coefficients of equivalent static pressures based on the envelope 
method (ASEC7-16), helps to calculate the maximum uplift, shear and bending moments at 
knees for frame analysis. 
 
7.2.6. Future Work 
For future studies, it is desired to investigate the effect of each of the tornado, building and 
environments parameters separately and quantitatively, which will cover range of values for 
each of the parameters considered in this research. This study tried to shed light on the effect 
and importance of these parameters and up to some point, it tried to guide the future researchers 
in their approach. One important guideline was presented in the topography chapter, where the 
maximum drag load on any topography was formulated, based on the geometric parameters. 
Accuracy of the proposed equations can be studied in future studies. For the load measurement, 
it is desirable to investigate the effect of internal pressure, considering the location and density 
of the openings. For pressure measurements, it is always desirable to increase the number of 
taps on each frame (structure component) so as to increase the accuracy of calculations of loads 
on any designed structure. It will help design new structures that can withstand tornadoes. For 
frame analysis, more angles of attack and more building geometries should be considered to 
cover a range of common structures, which can result in broader recommendation for building 
design stage. 
